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SUMMARY 

An infrared detector, sensitive to radiation over the spectrum of 

one to ten microns, was used to measure surface temperature histories 

of solid propellant samples subjected to convectivc. heat transfer in a 

shock-tub^ apparatus. In these experiments, the convective heat fluxes 

were in the range of 30 to 80 cal/(cm2)(sec) and the heating gas velo- 

city was about 100 m/(sec). This report describes the experimental 

procedure used and data obtained in tests on cast and pressed ammonium- 

perchlorate propellents. 

The results of this study showed that surface temperature histories 

for samples having smooth surfaces, for the test conditions of this 

study, are in good agreement with those predicted by a thermal ignition 

model that considers the key ignition reaction to be localized at the 

propellant surface. For samples of propellant with rough surfaces, data 

obtained for only one test-gas velocity, about 100 m/(sec), indicate 

that the improved ignitibility for these samples is primarily the result 

of a higher heat-transfer rate to the roughened surface. 

iii 



I.  INTRODUCTION 

This report describes the method used and data obtained in a study 

conducted for experimentally measuring surface temperatures on solid 

propellent samples during Ignition. A fast-response infrared detector 

was used for monitoring radiation emitted by a propellant surface as 

the surface was exposed to transient ccnvective heating in a shock tube. 

Infrared detectors have not been extensively used in research on 

p-opellant ignition.  Generally, photoelectric detectors» sensitive to 

radiation in the visible spectrum, have been used for monitoring the 

radiation from the propellant surface during ignition tests. Niesson 

and Bastress [1] report the use of an indium-arsenide infrared detector 

for observing ignition of propellant samples. la their study, the infra- 

red detector was used primarily as a tool for measuring ignition time. 

Powling and Smith [2, 3, A] have successfully used infrared-detection 

methods for measuring temperatures at propellant surfaces during steady 

burning. 

The experimental procedure used in the study reported here was to 

measure directly, as a function of time, the total radiation emitted by 

the propellant surface over the infrared spectrum of about one to ten 

microns.  The Philco GPC-201A IR detector, a gold-doped germanium, 

photoconductive detector, and the detection system were calibrated 

dynamically for black-body radiation, using a blackened heat-flux gage 

ab the L.urce. 

The following sections of this report describe the experimental 

apparatus and procedures, the calibration of the detec on system, and 

the results of the propellant surface-temperature measurements. 



II.  EXPERIMENTAL APPARATUS 

A.  SHOCK TUBE 

The shock tube used in this study was the one used previously for 

studies on propellant ignition by convective heating [5, 6, 7], and is 

described in considerable detail in Reference 6.  Figure 1 shows a 

sketch of the driven end of the shock tube with the test section used in 

earlier studies.  Heat transfer to the wall-mounted sample of propellant 

was controlled by initial shock-tube conditions and/or by the velocity 

of the heated gas through the test section.  The test section and a 

propellant sample holder are shown in Figure 2. 

For the wor^ described in this report, the test section used in 

previous studies was modified, as shown in Figure 3, by the addition 

of a sharp-edged orifice upstream of the test position. This modi- 

fication provided a means of increasing the rate of heat transfer to 

the test position without making other modifications to the apparatus. 

For temperature measurements with the IR detector, the quartz window 

used for monitoring ignition with the RCA 1P40 photodiode (Figure 2) 

was replaced with an infrared-transmitting window made of Kodak Irtran 

2 (Figure 3). 

The effective-test period in the shock-tube apparatus for a fixed 

total length is dependent on initial shock-tuoe conditions and the rate 

at which the shock-heated gases are exhausted through the test section. 

With a small flow-control orifice, the test period is approximately 35 

and 20 milliseconds for incident shock Mach numbers of 2.0 and 3.5, 

respectively.  Normally, even for small Mach numbers, the test period 

is terminated by mixing of driver gas with the shock-heated test gas 

before the reflected rarefaction wave arrives at the test section. 

When the mixed gases begin to flow through the test section, it is no 

longer possible to predict the heat-t . .<?fer rate to the test position. 

With the modified test section shown in Figure 3, it was again 

necessary, as in earlier work [6] to .«asure experimentally heat transfer 

at the test position.  The change in flow pattern produced by the addition 

of the sharp-edged orifice upstream of the test position precluded estimating 



heat transfer with required precision from theoretical considerations 

alone. Heat transfer was measured with heat-flux gages (thin-film 

resistance thermometers bonded to substrates of Pyrex 7740 or alumina) 

that were interchangeable with the propellant sample holder (see Fig- 

ure 2). The results from this study are discussed in Appendix A.  It 

was found that the temperature-time data from heat-flux gages were 

well represented by the equation for transient heating of the surface 

of a semi-infinite solid from a high temperature gas, T , through a 

constant wall heat transfer coefficient, h: 

T - T 
s   o 

T - T 
R   o 

[1 - e" (erfc N) ] (1) 

The symbols used here are defined in the table of nomenclature, Appendix F. 

The heat transfer coefficients derived from experimental data were 

well represented as a function of mass flow rate, G, of the test gas 

through the test section and the temperature of the test gas, T . For 

high temperature air or nitrogen using flow-control orifice No. 3A, the 

heat transfer coefficient was defined by the following equation: 

h -2.784 x lo-1* (T )°-3(G)0'938, cal/(cm2) (sec) (°K)        (2) 
o 

B.  INFRARED-RADIATION DETECTION SYSTEM 

The infrared radiation detection system was designed to measure 

radiation emitted by the propellant surface o"er the IR spectrum of 

about one to ten microns.  This is the region of most intense radiation 

for a gray or black body with temperatures of 30 to 600°C, the tempera- 

ture range of interest for this study.  Figure 4 shows the position of 

the IR detector and optical components in the apparatus. 

1.  Infrared Detector 

The IR detector used in this atudy was a Philco Model GPC-201A 

(a ,äP" type, gold-doped germanium) photoconductive detector with a cell 



element 2-mm square and a detectivity, D*, of 2 x 109 cm/(watt).  This 

detector has a time constant of about one microsecond and excellent de- 

tectivity over the wave-length spectrum from about one to ten micronß 

when operated at Jiquid nitrogen temperature (77°K).  The GPC-201A is 

linear in response to incident radiant flux in the range of 0.1 to 1000 

microwatts/(cm ).  A sketch of the electrical circuit used with the 

detector is shown in Figure 5.  Calibration data supplied by the Philco 

Corporation showed the best signal-to-noise ratio (425) for operation 

at a bias current of 80 microamperes, and this was the value for bias 

current used in this work.  In our study, it was of advantage to obtain 

a direct-current reading of output from the IR detector; therefore, a 

second circuit was used to suppress the base voltage output for the 

detector (see Figure 5).  It was then possible to read output from the 

detector directly as a transient dc signal on the CRT of a Tektronix, 

Model 502 oscilloscope. 

2.  Optics 

A simple mirror system, shown in Figure A, utilizing a 3-inch 

diameter spherical mirror with a focal length of 12 inches was used 

for focusing .the IR radiation from the source onto the detection cell 

of the GPC-201A detector. 

An infrared window made of Kodak Irtran 2 (polycrystalline zinc 

sulfide) was used in the test section ir place of the quartz window 

used in earlier ignition studies.  The window was one-half inch in 

diameter by one-eighth inch thick and was backed with a piece of Plexi- 

glas machined to fit the port in the test section (see Figures 3 and 4). 

The Irtran 2 window mounted in this way withstood pressures of 350 psia 

and transient heating at heat fluxes of 100 cal/(cm2)(sec) in the shock 

tube. 

Irtran 2 gives excellent transmittance of infrared radiation over 

the spectrum of about one to ten microns. This is the same range of 

the spectrum over which the GPC-201A detector gives maximum detectivity. 

At the start of the experimental program, there was some concern 

about damaging the IR detector by excessive radiation from propellar.ts 



after ignition.  The short wave-length cutoff at about one micron for 

Irtran 2 would be expected to provide some protection for the IR de- 

tector from intense radiation at shorter wave lengths after ignition. 

Overloading of the IR detector for short-time intervals, 100 to 200 

milliseconds, did nut damage it. 

The optical system was assembled and then focused with visible 

radiation.  A preliminary calibration of the entire optical system, 

detector in place, with a steady-state infrared source, indicated that 

focusing was not extremely critical; however, during all tests, the 

IR detector was held at the same position relative to the source 

(sample surface). 



III.  CALIBRATION OF INFRARED-RADIATION DETECTION SYSTEM 

The infrared-radiation detection system was calibrated by measuring 

detector output for incident radiation received by the detector from a 

carbon-coated heat-flux gauge as the gage was subjected to transient, 

convective heating in the shock tube.  The heat-flux gauge was directly 

interchangeable in the test section with the propellant sample holders 

used for ignition studies. 

The shock-tube conditions for calibration of the IR detector were 

the same as those used later for measuring propellant surface temperatures. 

From this study, a ralationship between IR-detector output for radiation 

from a black-body source (blackened heat-flux gauge) and temperature of 

the source (for transient heating) was obtained. 

In theory, if sufficient information is known about the system 

optics and the detector, it is possible to calculate directly the relation- 

ship between detector output and the temperature of a black-body source 

(also for a gray body if the emissivity of the gray-body source is known). 

Investigators at the Avco-Everett Research Laboratory [8, 9] found gopd 

agreement between theory and experiment for a high-speed infrared bolometer 

which utilized an IR detector for sensing the temperature rise of a black- 

body source during transient heating. 

In our work, unknown features about the IR detection system pre- 

cluded a direct calculation of the relationship between detector output 

and source temperature.  In the experimental apparatus, the source was on 

the opposite side of the flow channel from the optics (see Figure 4). 

One of the problems was that of determining the radiation from dust particles 

suspended in the hot test gas moving througn the flow channel of the test 

section. A second problem was that of determining the radiation contri- 

bution of the Irtran 2 window, which was also undergoing transient heating. 

The contribution of radiation from these sources was measured by using 

a highly-polished brass surface at the sample position in some of the shock- 

tube runs.  The IR-detector output for runs with the brass surface 

represented what might be called "background radiation" ^radiation from the 

IR window anH dust particles in the convective gas), the contribution to 

the IR-detector output from the brass surface being negligible. The back- 



ground radiation was found to be a function of tiiue and Mach number 

of the incident shock wave for a given flow-control orifice at the 

downstream end of the test section. It is possible that background 

radiation would also be a weak function of pressure because of the 

dependence of mass flow rate on pressure, but all runs were made at 

approximately the same shock-tube pressure and no effect related to 

pressure was found. 

A.  DATA FOR BLACK-BODY SOURCE 

A carbon-coated heat-flux gage was selected as a black-body 

source for calibrating the IR radiation detection system for the 

following reasons:  (1) because of the problems already mentioned, 

a dynamic rather than a steady-state calibration procedure was re- 

quired; (2) for dynamic calibration, a fast-response temperature 

sensing device was needed for recording the surface temperatur» of 

the black-body source; (3) in order to obtain a temperature rise 

of about 300°C for the source during tests, tho thermal responsi- 

vity of the source had to be rather small (the thermal responsivity 

of Pyrex 7740 is less than two times as large as that for propel- 

lants); and (4) to obtain a temperature-Lime relationship which was 

similar to that for transient heating of propellant, a source with 

properties similar to those of a semi-infinite solid were desired. 

The body for the heat-flux gage was constructed of Pyrex 7740 

by methods described in Reference 6. The platinum-resistance, tem- 

perature-sensing element at the surface of the heat-flux gage was 

first coated with a thin layer of silicon monoxide (less than 0.1 

micron thick) by a conventional vacuum deposition technique.  Car- 

bon was deposited over the SiO layer by thermally decomposing methyl 

iodide at the gage surface.  The methods used for coating the heat- 

flux gage are described in more detail in Appendix B. 

The emissivity of the carbon-coated heat-flux gage was not 

measured, and for the purposes of this study, it was assumed that 

the surface was a true black-body. 



Figure 6 shows oscillographs for a shock-tube run with the black- 

ened heat-flux gage as the source. The output from the IR detector 

is the gross output which includes the contribution from the source, 

dust particles in the convective gas, and the IR window. The tempera- 

ture-time trace for the heat-flux gage (Figure 6a) is the temperature 

at the surface of the Pyrex which is overcoated with silicon monoxide 

and carbon. This temperature is smaller than the temperature seen by 

the detector by an amount equal to the temperature drop through the 

overcoating. The procedure ustd for calculating the temperature at 

the carbon surface from that measured at the Pyrex surface is described 

in Appendix C. 

The oscillograph of Figure 6b shows a pressure-time trace meas- 

ured with a Kistler, Model 601, pressure pickup. The pressure gage 

was mounted in the wall of the shock tube upstream of the te, " section 

(see Figure 1). 

As mentioned earlier, mixing of driver gas with the shock-heated 

gas terminates the test before the reflected rarefaction wave arrives 

at the test section for some shock-tube runs.  In Figure 6, both the 

IR detecto* and heat-flux gage output show a decrease in the rate of 

heat transfer about 10 milliseconds before the rarefaction wave reaches 

the test section.  The useful test period for the data shown in Figure 

6 is about 21 milliseconds. 

From oscillographs of the kind shown in Figure 6, a relationship 

was obtained between the net infrared-detector output (IRDO) in milli- 

volts and the surface temperature (AT ) for the blackened heat-flux 

gage. Data showing this relationship are graphed in Figure 7. The 

data of Figure 7 represent ten different shock-tube tests in which the 

temperature of the shock-heated gas (nitrogen) was varied over the range 

of about 700 to 1500°K. The corresponding variation in mean heat flux 

to the blackened gage ranged from about 30 to 80 cal/(cm2)(sec).  All 

of the runs were made with the same flow-control orifice (No. 3A) down- 

stream of the test position.  Data used in the preparation of Figure 7 

are given in Table 2C. 



Based on the calibration data provided by the Philco Corporation 

for the GPC-201A detector, an output of 100 millivolts for a bias cur- 

rent of 80 microamperes represents about 1500 microwatts/(cm2) of radi- 

ation incident on the cell. For the optics used in the detection sys- 

tem in this apparatus, an IRDO of 100 millivolts is equivalent to a 

black-body temperature of about 28C°C (a AT of 250°C). Operation of 

the IR detector above the upper linear response limit of about 1000 

microwatts/(cm2) reported by Philco is not a problem if the detector 

is calibrated. Even though the response may not be linear for inci- 

dent radiation above 1000 microwatts/(cm2), the detector, based on our 

observations, could be used for measuring radiation of much higher in- 

tensity. It appears to be almost impossible to saturate the GPC-201A 

by massive overloading for short-time intervals.  In some experiments 

on propellant ignition, IR detector outputs as large as 3 volts were 

observed during steady burning of blackened propellants.  In the work 

described here, a screen was placed between the ource and the IR 

detector to utilize better the linear response region for the detec- 

tor. Some compromise was required in this respect because of the 

shock-sensitivity of the detector. 

B.  DATA ON BACKGROUND RADIATION 

In this report, "background radiation" is the radiant flux 

incident on the IR detector cell that does not originate at the main 

IR source; in particular, radiation emitted by hot dust particles in 

the convective gas and radiation emitted from the infrared window in 

the wall of the test section. The surface of the IR window at the 

wall undergoes convective heating with the main source. As the thermal 

responsivity of the window is relatively large and the emissivity of 

the window material is small, the contribution from this source is 

small. Data on the magnitude of this background radiation were ob- 

tained by making tests with a polished brass plug as the source in 

place of the blackened heat flux gage. Data obtained from these 

tests were used for adjusting the gross IR-detector output for runs 

with the heat-flux gage and propellants.  The oscillographs of 
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IR detector output shown in Figure 8 were obtained from runs with the 

brass plug as the main IR source. The cyclic fluctuations on the two 

traces represent the sensitivity of the IR detector to shock-tube vi- 

brations.  Since the magnitude of the fluctuations was approximately 

the same for all runs, the effect was only troublesome for measure- 

ments of radiant fluxes from low intensity sources. 

The IR detector output for background radiation was found to be 

a function only of the Mach number of the incident shock wave and 

time measured from the passage of the incident shock through the test 

section. Data in the form of IRDO versus Mach number at the end of 

the driven section (M_) for ten milliseconds after passage of the 

incident shock are graphed in Figure 9. Also, data on background 

radiation derived from runs with carbon-coated heat-flux gage are 

included in Figure 9.  (The data obtained from runs with the brass 

plug were used for adjusting the gross IRDO obtained with the heat- 

flux gage as the source; in turn, the normalized curve of IRDO versus 

temperature for the heat-flux gage, Figure 7, was used to obtain 

additional data on background radiation.) 

The scatter among the data given in Figure 9 appears to be 

related to variations in the concentration of dust in the test gas. 

Even though the shock tube was thoroughly cleaned and clean nitrogen 

was used for tests, it appears that some dust entered the shock tube 

each time it was opened for replacing diaphragms. Data obtained indi- 

cates that dust particles suspended in the test gas are the largest 

source of background radiation. Differences in background radiation 

for different runs, as shown in Figure 9, produced some scatter in 

IR-detector output data obtained from runs on propellants, particularly 

for the first few milliseconds of the heating period when surface tem- 

peratures were low. 



IV.  SURFACE-TEMPERATURE MEASUREMENTS ON PROPELLANTS 

One of the problems that is encountered in the use of infra- 

red detectors for surface temperature measurements is that of de- 

termining the effective emissivity of the propellant surface. 

Ammonium perchlorate has a rather high transmissivity to radia- 

tion at some wave lengths in the infrared spectrum, nd some 

radiation emitted by a heated sample of AP comes from below the 

surface. For rapid transient heating of a propellant surface, 

some of the radiation received by the detector is emitted below 

the surface where the temperature is lower than that at the surface. 

For material with spectrally dependent emissivity, the effective 

emissivity for the material could be a function of the heating rate 

of the surface. 

There are several ways to attack the problem. One approach is 

to measure radiation emitted by the propellant surface at selected 

wave lengths of high surface emissivity. This was the procedure 

employed by Powling and Smith [2, 3, 4] for measuring surface tem- 

peratures on burning solid propellants. Another approach is to elimi- 

nate the problem, if possible, by blackening the propellant compo- 

sition through the addition of carbon to the propellant or by coating 

the propellant surface with a thin layer of carbon or other suitable 

blackening material. For a propellant containing carbon and very fine 

ammonium perchlorate, e.g., one-micron AP particles, the surface pro- 

perties of the propellant would be expected to resemble closely those 

of a black-body surface. 

For the study described in this report, total radiation emitted 

by the propellant surface during transient heating was measured over 

the spectrum of about one to ten microns. Measurements were made on 

conventional propellants, blackened propellants, and propellant samples 

coated with carbon. 

A.  PROPELLANTS 

Experimental data using the IR detector were obtained on several 

propellants and propellant ingredients as samples of these materials 

11 
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were subjected tc convective heating in the shock tube. Data on propellant 

compositions are given in Table 3 and the Ihermophysical properties of pro- 

pellents and ingredients are listed in Table 4. 

Samples of cast propellants weie prepared by casting freshly mixed 

propellaut into the cylindrical cup of the sample holder (see Figure 2). 

The cup was overfilled so that a fresh, smooth surface could be cut imme- 

diately before a test. A new single-edged razor blade was used for cutting 

away the excess propellant and for providing a smooth surface flush with 

the lip of the sample holder. 

Samples of pressed propellants were prepared by bonding cylindrical 

pellets, with diameters slightly smaller than that of the cup, into the 

sample holder. Either an epoxy bonding agent or Fleck's (ceramic blend) 

ir.organic cement were used for bonding pellets in the sample holder.  For 

pellets of pressed propellant or pressed AP, that portion of the pellet 

cJid bonding material extending above the lip of the sample holder was 

J      removed by sanding with 600-A grit silicon carbide paper. 

B.  MEASUREMENTS ON CAST PROPELLANTS 

1. Propellant UA 

Oscillographs of infrared detector output as a function of time for 

cast propellant UA are shown in Figure 10. Propellant UA is a conventional 

cast propellant containing only PBAA binder, 15-micron AP, and copper- 

chromite catalyst (see Table 3A).  For the oscillographs of Figure 10a, the 

oscilloscope sensitivity was increased to expand the first 16 milliseconds 

of the test that corresponds to heating of the propellant surface primarily 

by external heating by the hot, convective gas (nitrogen).  Figure 10b shows 

data for the same run for a longer time interval and lower oscilloscope 

sensitivity. 

For the trace shown in Figure 10a, the initial fast rise was produced 

by radiation from carbon particles in the test section.  Carbon particles 

deposited on the walls of the flow-channel were loosened by the passage of 

the incident shock wave and were carried from the test section in the first 

one or two milliseconds of the test.  Since it was not practical to clean 
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the test section after each run, some carbon remained on the flow-channel 

walls deposited as ignited propellant burned away. 

In earlier work at this laboratory [5, 6, 7, 10], photocells sensitive 

to radiation at wave lengths close to the visible range of the spectrum were 

used for detecting propellant ignition.  In these earlier studies, and also 

in this studys the experimental criterion for ignition was the same.  Igni- 

tion time, t.t  is defined in our work as the time interval starting with 

the first application of external heat to the propellant and ending with 

the appearance of a flame at the propellant surface.  Experimentally, igni- 

tion time is determined from a recording of the output signal from a radiation 

detector monitoring the propellant surf ce.  The experimental criterion for 

ignition is the time from the start of heating at which the signal from the 

detector rises very rapidly with time.  For the detector output versus time 

trace shown in Figure 10a, this criterion for ignition is indicated by the 

arrow.  For this particular test, the ignition time was about 15.5 milli- 

seconds. 

As would be expected, the surface emissivity of conventional composite 

propellants containing AP, such as Propellant UA, is not as large as that 

for a black surface, and, furthermore, the emissivity is spectrally depen- 

dent.  Consequently, temperature histories for samples of Propellant UA 

could not be derived directly from data for the blackened heat-flux gage 

used for calibrating the IR-radiation detection system.  For Propellant UA, 

IR-detector output data were compared directly with calculated temperature- 

time data for linear heating of the propellant samples for surface tempera- 

tures (AT ) up to about 400°C, and the IRDO data were then extrapolated to 

higher temperatures.  (We use the term "linear heating" to describe the 

process in which the temperature rise at the propellant, assumed to be inert 

for this calculation, is produced by externally applied heat flux only.) 

Net IR-detector output versus calculated surface temperature (AT ) for four 

tests on Propellant UA with nitrogen as the fest gas, are graphed in Figure 

11.  Each data point represents a specific time in the total test period. 

Temperature-time data for linear heating were calculated with Equation 

(1), using experimental heat-transfer data.  An experimental study (see 

Appendix A) of heat transfer in the shock-tube test section showed that 

the temperature rise at the wall could be represented with good precision by 

Equation (1).  Equation (1) defines the surface temperature of a semi- 
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infinite solid subjected to transient heating from a high temperature gas 

(T ) through a constant wall heat transfer coefficient.  In Baking this 

calculation for each run, it was assumed:  (1) that the temperature was 

uniform over the propellant surface and that the thermal responsivity of 

the bulk propellant represented the properties of the surface; (2) that 

the thermal responsivity of the propellant was not temperature dependent 

and values determined experimentally or estimated for a temperature of 

60°C were used, (3) the latent heat for the crystalline phase transition 

of AT could be neglected in surface temperature calculations; and (4) 

that during the greater part of the heating period, until the temperature 

of the surface had reached about 400°C above room temperature, the tem- 

perature rise at the surface was produced only by externally applied heat 

flux. A diS' assion of these assumptions follows. 

The first assumption about a uniform temperature distribution over 

the propellant surface is a reasonable one. Propellant UA was prepared 

with AP having a weight-average particle size of 15 microns (many of the 

AP particles had diameters of less than one micron).  Bouck [11] has numer- 

ically solved the heat conduction equation for heating of a heterogeneous 

propellant composed of alternate slabs of AP and PBAA binder. The results 

of that study for a propellant composed of slabs of AP, 45 microns wide, 

alternated with slabs of PBAA binder, 5 microns wide, for an applied heat 

flux to the surface of 60 cal/(cm2)(sec), showed a maximum temperature dif- 

ference of about 35°C between the center of a slab of AP and a slab of PBAA 

binder. The results of Bouck1s study also indicate that the interface 

temperature between the binder and AP, perhaps the most meaningful tempera- 

ture with respect to ignition, is a good approximation to the surface tem- 

perature calculated using bulk thermophysical properties.  Experimentally, 

in this work, the infrared detector cell receives radiation from area of 

about 4 square millimeters on the propellant surface, and thus, effectively 

measures a mean surface temperature over this area. 

The second assumption about temperature independent thei ophysical 

properties for the propellant is less tenable. We do not have sufficient 

information on propellant thermophysical properties to include their 

temperature dependence in surface-temperature calculations. The most complete 
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set of data on thermal diffusivity of propellant ingredients is that for 

pure AP determined experimentally by Rosser, Inami and Wise [12] over the 

temperature rang2 of 50 to 240°C. The results of the study by Rosser et al.t 

are given in Table 4. These data, when ar.aylzed with respect to tempera- 

ture dependence of thermal responsivity, T(T), show that r varies less than 

3 percent, relative to data at 50°C, over the range of 50 to 240°C. Our 

experience indicates that a variation of 3 percent will give essentially 

the same variation in calculated surface temperatures. 

With regard to the latent heat of phase change for AF, the effect is 

small. We do not have information on the kinetics of this phase transitic I, 

but one might expect that the transition is sufficiently slow so that the 

endothermic process occurs over a rather wide temperature range for rapid 

heating of the propellant surface. 

On the last assumption used, we have found in our experimental work 

on propellant samples with smooth surfaces that the surface temperature 

rise up to about 400°C is of the form that would be expected for linear 

heating. For different test conditions the results could be different. 

The test conditions used in this work were convective heating of propellant 

samples with air or nitrogen at externally applied heat fluxes of about 30 

to 80 cal/(cm2 (sec). For samples with rough surfaces, the results are 

different and this assumption is not valid. 

As already mentioned, data for samples of Propellant UA with smooth 

surfaces are plotted in the form of net IRDO (mv) versus AT (°C) in Figure 
s 

11, and are compared with the data obtained with the carbon-coated heat-flux 

gage. Heat transfer data used for calculating temperature-time data for 

these runs are given in Table 5A. Also, listed in Table 5A is an approximate 

mean heat flux for each run. Values of AT  (calculated fcr linear heating) 

and net IR detector output are tabulated as a function of time for each run 

in Table 6A. The data graphed in Figure 11 are for values of AT  up to 
s 

about 400°C, the temperature range over which propellant reactions do not 

appear to contribute energy for heating the surface. 

Ignition occurred during Run Nos. 611-6-21 and -22 which were tests 

conducted at higher heat fluxes.  (Oscillographs for Run No. 611-6-21 are 

shown in Figure 10.) The same sample with a smooth, cut surface was used 
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•; 

for Run Nos. 611-6-2G and -21. The sample used in Run 611-6-22 had a 

polymer-rich surface of the kind that forms on an exposed surface of 

propellant dur-'.ng the curing process. 

The good correlation of data in the form net IRDO versus AT for 
s 

Propellent UA in Figure 11 indicates that the method used for calculat- 

ing surface temperatures is consistent and that the experimental heat 

transfer data represent rather well the heat transfer process in the 

test section. This good agreement also suggests that the sample sur- 

faces were uniform and each sample had nearly the same surface etnis- 

sivity.  Scatter among data points is mere apparent at lower tempera- 

tures (lower values of IRDO) which correspond to the initial part of 

the heating process for each run. These are conditions for which 

variations in background radiation (primarily radiation from dust 

particles in the test gas) are a larger fraction of the total IR- 

detector output. 

The displacement of the data for propellant UA above the data 

for the carbon-coated heat-flux gage is a measure of the difference in 

emissivity for the two surfaces. These data indicate the apparent emis- 

sivity of the propellant surface is about 35 percent of that for the 

heat-flux gage, which is assumed to be an opaque, black surface. Other 

factors that could affect the displacement of the two sets of data are: 

(1) differences between the actual and calculated temperature histories 

for the propellant surface (for calculations, it was assumed that the 

theraophysical properties of the propellant were not temperature dependent), 

and (2) ncn-lineat response of the IR detector to incident radiant flux 

(this particular property of the detector was not evaluated and the infor- 

mation would not be useful unless the spectral emissivity of the propel- 

lant surface were known). 

The different slope for the set of data on Propellant UA relative to 

that observed for the heat-flux gage could be caused by the following fac- 

tors?  (1) variation of propellant thermophysical properties with tempera- 

ture, (2) changes in the spectral emissivity and total emissivity of the 

propellant surface with temperature and heating rate (the heating rate is 

slightly lower at higher surface temperatures); and (3) exothermic reactions 
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at the propellant surface at the hig.ier temperatures resulting in a faster 

temperature rise than that predicted for linear heating. 

The data graphed in Figure 11 were extrapolated above 40C°C and the 

result was used for estimating surface temperature from IR-detector out- 

put in the higher temperature region. Surface temperature data derived 

in this way for samples that ignited are listed with calculated tempera- 

tures and IR-detector data in Table 6. The surface temperature history, 

for Run No. 611-6-21, a sample that ignited (oscillographs for this run 

are shown in Figure 10), is shown in Figure 12. The ignition time, t., 

for this run was about 15.5 milliseconds.  The measured surface tempera- 

ture departs from the linear heating curve about 11 milliseconds after 

heating started (at a AT of about 385°C). The actual ignition tempera- 
s 

ture (the portion of the curve where temperature begins to change rapidly 

with time) is about 460°C (730°K). This corresponds to an ignition tem- 

perature for linear heating, T  , of about 430°C. After the sharp 

break in the curve of figure 12, the IR detector output may no longer 

represent the true temperature of the surface, for as soon as exothermic 

gas-phase reactions become important, some radiation incident on the de- 

tector is emitted by hot combustion products. 

2. Blackened Propellants 

Propellants AR and AQ blackened by the addition of fine-particle 

carbon (Philblack E) were used in part of this study. Like Propellant UA, 

the blackened propellants were made with 15-micron AP to facilitate the 

preparation of smooth surfaces on samples. Propellant AR and AQ contained 

70 and 65 percent of 15-micron AP, respectively, and 3 percent of Philblack 

E, The powdered ingredients used in the two propellants (see Table 3) were 

thoroughly blended by passing them through a 270-mesh screen three times. 

This procedure was used in attempt to coat the individual AP particles with 

carbon. 
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Propellant AR 

Samples with Smooth Surfaces: Data for samples of Propellant AR with 

smooth surfaces in the form of IR- detector output versus calculated surface 

temperature for linear heating (the same analysis procedure used for Propel- 

lant UA) are graphed in Figure 13. These data are grouped closer to the 

data for the blackened heat-flux gage than were the data for Propellant ÜA 

(Figure 11). The apparent mean surface e-missivity for Propellant AR, com- 

pared with that for the heat-flux gage, is about 0.6. 

The data for individual tests on Propellant AR show about the same 

amount of scatter as that for Propellant UA; however, the data for all tests 

fall in c wider band. Differences between individual tests are probably 

produced by two main factors:  (1) heterogeneities at the surface that alter 

the emisdivity, and (2) variations in the predicted heat transfer. In 

general, successive tests on the same sample, tests at heat fluxes too low 

to produce ignition, were reasonably consistent. 

Samples with Blackened Surfaces:  As a means of increasing the surface 

emissivity of Propellant AR, a few samples with smooch surfaces weit coated 

with a thin layer of Thilblack E. The thickness of tine carbon layer was not 

measured, but it was estimated to be of the order of two to five microns 

thick. The carbon layer would affect the heating of the sample in that thei2 

would be a temperature drop of 5 to 15°C through the carbon layer. The heat- 

ing process is still closely approximated by equations that describe the 

heating of a semi-infinite solid with the properties of the propellant. 

Data for the carbon-coated ramples are graphed In Figure 14. These 

data are grouped near the curve cnat represents the data for the carbon-coated 

heat-flux gage. The maximum deviation of data for samples of Propellant AR 

from the curve for the heat-flux gage is about 25°C. The results of this 

study on samples with artificially blackened surfaces indicate that surface- 

temperature histories calculated assuming linear heatimg and constant 

thermophysical properties for the propellant (temperature independent) closely 

approximate the actual heating process, as long as ignition temperatures 

are not too closely approached. 
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Samples with Rough Surfaces;  Surfaces en samples of Propellant AR 

were roughened by sanding a small area near the center of a smooth, cut 

surface with 320 grit-size paper.  Since the sanding process changes the 

surface features of the sample, particularly with respect to blackness, 

carbon was dusted on the sanded area and the excess along with loose par- 

ticles of propellant was brushed off.  For this part of the study, it 

was assumed that the emissivity of the rough surface prepared in this 

wav was about the same as that for a smooth, uncoated surface. This 

approximation could introduce errors as large as 30°C in the derived 

temperature-time data for an individual test. The mean surface rough- 

ness on samples prepared in this way is estimated to be about 20 microns. 

Figures 15 and 16 are oscillographs of IR-detector output as a func- 

tion of time for runs on samples v.f Propellant AR with smooth and rough 

surfaces, respectively. The oscilloscope trace for the sample with the 

rough surfaces, Figure 16, shows several small fluctuations in the de- 

tector output, features that are not present on the trace for the smooth 

sample. Both of the samples ignited daring the tests. The post-ignition 

rise of IR-detector output for the smooth-surfaced sample (Figure 15b) was 

more lapid than that for the rough-surfaced sample (Figure 16b). This re- 

sult indicates that the sample with the rough surface ignited locally only 

over the roughened area, while the entire surface of the smooth sample ig- 

nited almost instantaneously. High-speed motion pictures of Ignition for 

samples with r^.-gh and smooth surfaces have generally confirmed this ob- 

servation  Since radiation from hot combustion products produced upstream 

of the detector field of view contribute to the total flux incident on the 

detector, the output is greater if the entire surface ignites. 

Data for the IR detector output obtained from the oscillographs of 

Figure 16 were converted to temperature-time data using the IRDO-AT curve 

for Propellant AR in Figure 13.  uata for Run No. 611-6-25 are given in 

Table 6b. These data are graphed in Figure 17 along with the predicted 

temperature-time data calculated for linear heating using experimental 

heat transfer data.  Figure 17 shows that the surface temperature of the 

rough-surfaced sample prior to ignition increased considerably faster than 

that predicted for linear heating of a smooth-surfaced sample, and ignition 

occurred in a shorter time than that expected for a sample with a smooth 
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surface.  It is interesting to note that the measured surface temperature 

at the time ignition occurred is about the same as that for smooth-surfaced 

samples for an equivalent externally applied heat flux.  For smooth-surfaced 

samples, the measured ignition temperatures, AT ., were between 450 and 

520°C. The data for Run No. 611-6-25 are in reasonable agreement with data 

on other samples with rough surfaces.  For example, see data for Run Nos. 

611-7-7, 611-7-9, and 611-8-1 tabulated in Table 6b. 

The data for the sample with the rough surface, shown in Figure 17, 

indicates that the faster temperature rise observed for this sample is 

primarily the result of increased heat transfer to the propellant surface. 

The temperature history for the sample with the rough surface (Figure 17) is 

somewhat different than that for convective heating of a semi-infinite solid 

through a constant heat-transfer coefficient.  I is to be expected that the 

form of the measured temperature-time relationship for heating of a rough- 

surfaced sample of propellant will be different ior different samples and 

will be dependent on the magnitude of the surface roughness for a given 

set of test conditions. 

We know from earlier studies on ignition by convective heating (6, 7) 

that factors other than heat transfer are important in the ignition of 

samples with rough surfaces. We found in earlier work that as the gas 

velocity across the sample was increased, for a given externally applied 

heat flux based on measurements for a smooth surface, that ignition times 

also increased. This result suggested that the ignition process for pro- 

pellants with rough surfaces, particularly the rate of temperature rise at 

the surface, was affected by a combination of processes, a higher heat trans- 

fer rate and secondary ignition reactions at the surface. 

In the work described in this report, surface temperatures were measured 

at one test-gas velocity, about 100 m/(sec). Data are needed over a wider 

range of gas velocities for comparison with our earlier results. 

One can only speculate about the small fluctuations observed on IR- 

detector traces for the rough-suifaced sample (Figure 16).  For the test 

section used in this study, the test position is very near the leading edge 

for boundary layer development. Since the flow in the channel is turbulent, 

the viscous sublayer at the test position is very thin.  It is possible that 

the small fluctuations observed on the IR-detector output trace represent 
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radi-ation from protrusions at the roughened surface that extend into the 

turbulent zone. On the other hand, these fluctuations could indicate 

initiation and quenching of localized reactions at the propellant surface, 

particularly near hot spots on the surface produced by two-dimensional 

heating of protrusions and sharp corners on AP crystals. The IR detector 

as used in this work cannot distinguish between the two processes and 

some, form of high-speed IR spectroscopy would be required to probe for the 

presence of chemical reactions. 

Propellant AQ 

Propellant AQ was prepared with the same ingredients as Propellant 

AR, but had a lower concentration of AP (65 percent of 15-micron AP versus 

70 percent for Propellant AR). 

In general, IR-detector data for runs with Propellant AQ were the same 

as those observed on Propellant AR. Data in the form cf net IRDO versus 

AT for smooth-surfaced samples are graphed in Figure 18. This set of 

data is reasonably consistent, but the data are oriented differently rela- 

tive to the data for the blackened heat-flux gage than those for Propellant 

AR. The lower slope for Propellant AQ could indicate a higher temperature 

dependence for thermal properties for this propellant or a different surface 

emissivity than that for Propellant AR. 

C.  MEASUREMENTS ON PRESSED PROPELLANTS 

Pressed propellants are of interest for ignition studies in that they 

can be made from a variety of solid materials with a wide range of fuel-to- 

oxidizer ratios.  Furthermore, it is not too difficult to incorporate a 

rather large concentration of carbon in pressed propellants. Data on pro- 

pellant compositions and thermophysical properties are given in Tables 3 and 

4, respectively.  Heat transfer data are given in Table 5 and experimental 

data on surface-temperature measurements are tabulated in Table 6. 

1. Pressed Propellant PP-CBM 

Pressed Propellant PP-CBM contained 16 percent Philblack E, 2 percent 

copper chromite, and 80 percent, 15 micron, AP. Two kinds of samples were 
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used for surface temperature measurements, regular samples with smooth 

surfaces and samples coated with a thin layer of Philblack E. 

Oscillographs of IR detector output versus time had about the same 

form as :hose for cast propellants.  Data for regular samples of Propel- 

lant PP-CBM are plotted in the form of net IRDO versus calculated surface 

temperature, AT , in Figure 19. The data for Propellant PP-CBM lie above the 

curve for the carbon-coated heat-flux gage with about the same displace- 

ment as that for samples of cast Propellant AR with smooth surfaces. 

Data for two runs on samples coated with Philblack E are shown in 

Figure 20.  This was the first set of data on propellant that was found 

to lie below the line that describes the data for the carbon-coated gage. 

The curve representing these data has about the same slope as that for 

the regular samples, and for lower temperatures, is steeper than that for 

the blackened gage. 

There may be more than one reason for the data points on coated sam- 

ples of Propellant PP-CBM to lie below the curve for the blackened heat- 

flux gage. It appears, however, that the larger values of IP detector 

output for lower surface temperatures are produced by loose particles of 

carbon on the surface. The start of heating in the shock tube begins 

when the incident shock wave reaches the end of the tube.  It is suspected 

that carbon particles at the surface of the pellet are loosened by the shock 

wave and are then swept from the surface by the convective gas. A small 

concentration of carbon particles in the hot test gas would be sufficient 

to provide the additional radiant flux that was observed.  (Pressed pro- 

pellants with smaller concentration of carbon did not show this type of 

behavior.) At higher temperatures, near the end of the test period, the 

data for the carbon-coated samples of Pressed Propellant PP-CBM are in 

excellent agreement with the data for the blackened heat-flux gage.  The 

fact that reasonable agreement is found between coated samples of Propellant 

Pr-CBM and the blackened heat-flux gage again indicates that the assumption 

of constant properties used for calculating surface temperatures is a 

reasonable assumption. 
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2. Other Pressed Propellants and Pressed Ammonium Perchlorate 

IR-detect.Oi measurements were made on two other pressed propellants 

containing the following ingredients: Propellant PP-E with 4.5 percent 

Sterling VR carbon, 2.5 percent copper chromite, and 93.0 percent AP; and 

Propellant PP-F with 5.0 percent copper chromite and 95.0 percent AP. 

Since the concentration of ingredients other than AP was small, the thermal 

properties of these propellants would almost be identical and the properties 

would be similar to those for pressed ammonium perchlorate. Data on these 

samples should give an excellent approximation of the effect of added car- 

bon on surface emissivity. 

Data for Propellants PP-E and PP-F in the form of net IRDO versus 

calculated surface temperatures, AT , are graphed in Figure 21. Both sets 

of data lie above that for the carbon-coated heat-flux gage, and the curves 

through the two sets of data are almost parallel with the curve for the 

carbon-coa»:ed gage. 

Oscillographs of IR-detector output for the two runs, one for Propellant 

PP-E and one for Propellant PP-F, in which ignition occurred, are shown in 

Figure 22a and 22b, respectively. The oscillograph traces are very similar 

to those observed on cast propellants shown in Figures 10, 15 and 16. The 

rate of change of detector output with time is smaller for these propellants 

but this would be expected since the fuel level is much lower in the pressed 

propellants. As the oscillographs show, both samples were extinguished 

before burn-out. 

In tests on samples of pressed AP, no indication of ignition was observed 

even at higher heat fluxes, at conditions which were sufficiently severe to 

ignite all other propellants tested. 

The data for three runs on pressed AP are graphed in Figure 23.  It is 

interesting to note that the net IRDO versus AT graph for pressed AP is al- 
s 

most identical to that for Pressed Propellant PP-F containing 5 percent cop- 

per chromite. This result shows that copper chromite does not appreciably 

improve the surface emissivity of propellants. The data for pressed AP are 

also very similar to those for cast Propellant UA (compare Figures 11 and 23). 

Apparently, the emissivity of conventional propellants is approximately that 

for pure AP. 
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D.  MEASUREMENTS ON DOUBLE-BASE PROPELLANT J?N 

It had been observed from some earlier studies on the ignition of JPN 
I 

propellant that under some test conditions JPN propellant exhibited rather 

unusual ignition characteristics. The output from a photocell sensitive to 

radiation of about 0„8 microns showed that samples of JPN ignited and ex- 

tinguished several times during ignition tests by convective heating. The 

oscillograph of Figure 24 (Run No„ 69-21-12) is the IR-detector output for 

a test on JPN propellant that exhibited this behavior. 

Net IRDO versus AT data for Propellant JPN are plotted in Figure 25. 

Surface temperature data on JPN propellant show that this propellant ignites 

when the surface temperature reaches a value of about 330°C, in contrast to 

450 to 520°C for AP composite propellants at similar test conditions. 

E.  MEASUREMENTS ON PROPELLANT BINDERS 

Samples of polyurethane and polybutadiene-acrylic acid copolymer (PBAA) 

binders contaii ing Philblack E were made for surface-temperature measurements 

during convective heating in the shock tube. The reason for conducting 

these experiments was to determine if the oxygen in air reacts with the 

polymer surface at temperatures encountered during ignition.  In most of 

the tests, the final surface temperatures for the binder samples were much 

higher than ignition temperatures of composite AP propellants. 

Data on net IR-detector output versus calculated surface temperature 

(AT ) for samples of PBAA and polyurethane binder for tests conducted in 
s 

air and nitrogen are graphed in Figures 26 and 27, respectively.  For both 

kinds of binder, oscillographs of IR-detector output versus time for tests 

in air and nitrogen are very nearly the same. This suggests that for the 

conditions of the experiment there were no significant reactions between 

air and the binder samples. The blackened PBAA binder based on these data 

appears to have a much lower surface emissivity >. han the blackened poly- 

urethane binder.  The same thermophysical properties were assumed for both 

kinds of binder and were based on values obtained experimentally for PBAA 

binder at 60°C.  If the properties of the two binders were significantly 

different, and have a different temperature dependence, the calculated 

temperatures could be wrong.  It appears, based on microscopic examination 
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of the two binders, that the carbon was dispersed more uniformly in the 

Polyurethane binder.  In the PBAA binder, even though the same processing 

procedures were used, the carbon particles were agglomerated to some ex- 

tent, indicating that the PBAA polymer does not wet the carbon particles 

as well as the polyurethane polymer.  It is possible that this observed 

difference in the two systems could make a significant difference in 

surface emissivity. 

The fact that data for the carbon-coated sample of PBAA binder (Fig- 

ure 26) is also displaced above the data for the carbon-coated heat flux 

gage probably means that the sample surface was not uniformly coated. 

Even though calculated surface temperatures for samples of binder 

showed temperatures at the surface as high as 600°C for some tests, the 

IR-detector data were of the form expected for linear heating of the sample. 

There were no sharp discontinuities or other trends that would indicate 

the polymer was decomposing or vaporizing.  It was observed, however, for 

some tests with the polyurethane binder for high temperature runs that some 

polymer flowed over the edge of the sample holder indicating a decrease in 

viscosity of the polymer at higher temperaturec.  This could also mean that 

some depolymerization of the  lyurethane polymer occurred during heating. 



V.  PROPELLANT IGNITION 

A.  IGNITION THEORY 

In earlier studies [6, 7] on ignition ot composite AP propellants 

by convective heating, we have shown that experimental ignition data 

are in good agreement with that predicted by thermal ignition theory. 

The thermal theory of propellant ignition predicts that experimental 

data plotted in the form of heat flux at the propellant surface during 

the ignition test versus the square root of ignition time should be 

represented by a straight line on logarithmic-coordinate paper.  Fur- 

thermore, theory predicts that the slope of the line that represents 

the data plotted in this form is related to the activation energy of 

the key ignition reaction. 

The thermal theory of ignition suggested by Baer [10] which as- 

sumes that the key ignition reaction is a surface reaction was found 

to give the best agreement between theory and experiment. The partial 

differential equation which describes the ignition process is: 

3T    g2T 
pC ät = k W (3) 

at x = 0, 

- E /RT 
FT = -k(3T/3x) = Fs + be   * 

at x = + °°, 

T(t) = TQ, all t 

at t = 0 

T(x) = T , all x 

26 
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Frosr. numerical solutions to Equation (3) for various related para- 

meters characteristic of propellants, it was shown that ignition times 

for propellants that ignite thermally can be expressed with a good ap- 

proximation by: 

CO"* - -B- 
r Or)1/2 

r      2F 
s 

E /R 
 S _ T 
1 - 1.04 In (F lb) o (A) 

Where E is the activation energy for the key ignition reaction and is 

related to the slope of the line that represents ignition data plotted 

in the form of ln(F ) versus ln(t.)1'2 by the following equation: 
S 1 

RT0 
S = 4.2- 1 (5) 

a 

In an earlier study [6, 7] on ignition by convective heating and in 

this work, it was found that ignition times for propellants with smooth 

surfaces are not appreciably affected by environmental factors, such as 

oxygen in the test gas, gas temperature, and gas velocity, and data are 

well represented by Equation (4). From the earlier studies, it was 

found that a line with a slope of -0^92 represents the data for compo- 

site AP propellants. This value for the slope used in conjunction with 

a T of about 300°K gives an activation energy, E /R, of about 15,500°K. 
O 3 

B.  EXPERIMENTAL DATA 

Data for propeliant samples that ignited during tests in this study 

were evaluated to give a set of data in the form of ln(F ) versus ln(t )1/2. 

Shock-tube, heat-transfer, and ignition data for propellants are given in 

Table 7. Most of the data were obtained from tests.in which the propeliant 

surface-temperature history was also measured.  Included with these data 

are some ignition results on Propeliant UA obtained with an RCA 1P40 gas 

photodiode having maximum sensitivity to radiation at a wave length of 

about 0.8 microns.  In all experiments, as already indicated, ignition 

time was the time in heating process that the output signal from the de- 

tector monitoring the propeliant surface began to increase rapidly with time. 
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A special circuit for differentiating the output signal was used with the 

RCA 1PA0 photocell to increase measurement precision. 

Data for Propellant UA from this study and from an earlier one are 

plotted in the form of ln(F ) versus ln(t-)1'2 in Figure 28. The three 

data points for ignition as observed with the GPC-201A IR detector are 

in good agreement with results obtained with the RCA 1P40 photocell. The 

data of Figure 28 are for three different flow-control orifices and thus, 

represent tests at different gas velocities across the propellant surface. 

The range of velocities is from about 50 to 110 m/(sec).  Since the sur- 

faces on these samples were smooth, there is no observable effect of gas 

velocity on ignition time.  These data represent what we have called "sim- 

ple thermal ignition" of Propellant UA and the ignition time to a very 

good approximation is defined by Equation (4). 

The line through the data has a slope of -0.92 and corresponds to an 

activation energy, E /R, of about 15,500°K. Using this value for the acti- 
3 

vation energy, the pre-exponential factor, b, which appears in Equations 

(3) and (4) has a value of approximately 2.35 * 1010 cal/(cnr) (sec) for 

Propellant UA.  Ignition time for Propellant UA can also be represented 

by the equation for the straight line that defines the data.  In this form, the 

ignition time for Propellant UA as a function of externally applied heat 

flux is 

t.(sec) = 28.9/(F )l<** (6) 
1 s 

where F has the units of cal/(cm2)(sec). 
s 

Ignition data for cast Propellants AR and AQ, obtained with GPC-201A 

IR detector, are plotted in Figure 29. The straight line on this graph is 

the one for Propellant UA shown in Figure 28. 

The results on the three cast propellants are in good agreement with 

those obtained on smooth-surfaced propellants in earlier work [6, 7], 

Data on ignition of pressed propellants are also given in Table 7. 

Ignition data for Propellant PP-CBM, the one with 16 percent carbon, show 

considerable scatter and were not graphed.  Ignition data were obtained in 

only one test on each of the Pressed Propellants PP-E and PP-F. We have 
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found that ignition data on pressed propellants are usually more scattered 

than data for smooth-surfaced, cast propellants. Even though samples are 

carefully prepared, ignition, as observed by hjgh-speed photography, is 

quite frequently initiated at the interface between the bonding agent and 

the pellet. Also, we have observed on some samples, recovered from te3ts 

in which ignition had not occurred, that small surface cracks had developed. 

If the small cracks formed during heating rather than cooling, they could 

significantly alter the ignition characterstics of the sample. 

C.  IGNITION THEORY AND SURFACE-TEMPERATURE MEASUREMENTS 

For the purpose of comparing measured surface-temperature histories 

with those predicted by thermal ignition theory, temperature-time data 

were calculated for a few runs on cast Propellants AR and UA, using the 

equations that describe thermal ignition with the key ignition reaction 

localized at the propellant surface. For heating of a semi-infinite slab 

of homogeneous propellant convectively from a high-temperature gas, T , 

through a constant, surface heat-transfer coefficient, h, the following 

equation applies: 

p(f at -' k fc? (7) 

atx-0. FT = -k (g) -h(Tg-To) +be 

at x - + -, T(t) - T , all t 

at t = 0, T(x) - T , all x 

Based on our experience with ignition of propellants in the shock 

tube, one would not expect complete agreement between calculated and 

experimental results. One reason is that it is not possible to predict 

precisely the heat transfer to a propellant sample. It is estimated that 

heat transfer to the surface, based on experimental measurements,  can be 

predicted with an average deviation of about 5 percent. For some indi- 

vidual tests, the predicted heat transfer could be in error by 10 percent. 

All calculated temperature-time data are based on experimental heat trans- 

fer data obtained in a separate study (see Appendix A).  (Heat transfer to 
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some of the propellant samples could be slightly higher than expected, 

since sample surfaces are a little rougher than the surfaces on heat flux 

gages used for measuring heat transfer.) Another reason for expecting 

differences between experimental and calculated results is that the 

entire propellant surface does not always ignite simultaneously. High- 

speed photography of ignition runs has shown that, depending on surface 

characteristics of the sample and test conditions, ignition is initiated 

either upstream or downstream of the detector field of view. At very 

high heat fluxes, say 60 to 100 cal/(cm2)(sec), the entire surface ig- 

nites almost simultaneously; at lower heat fluxes, when ignition occurs 

near the end of the test period, ignition is sometimes initiated down- 

stream of the detector field of view and then propagates slowly upstream 

at about the time that cold gases begin to flow through the test-section 

flow channel. Under these conditions, it could take as long as 20 milli- 

seconds for the flame to spread over the entire surface.  Some of these 

features of the ignition process are visible on oscillographs of IR- 

detector output. 

Temperature-time data were calculated for Run No. 611-6-21 on Pro- 

pellant UA, and for Run Nos. 611-6-11, -13, and -14 on Propellant AR. 

The calculated temperature-time data are tabulated in Table 8A. The 

various parameters used in the numerical solution of Equation (7) for 

these runs are given in Table 8B. The value for activation energy, E , 
a 

and the pre-exponential factor, b, were those evaluated from experimental 

ignition datSi on Propellant UA. The other parameters were evaluated 

from initial shock-tube conditions and the experimental data on heac transfer. 

The temperature-time data for ignition of Propellant UA calculated 

with Equation (7) is graphed with the experimental data in Figure 30 for 

Run No. 611-6-21. The curve for linear heating of the sample calculated 

with Equation (1) for the same test conditions is also included.  The ob- 

served ignition time for this run was about 15.5 milliseconds and that 

predicted by theory was about 14.0 milliseconds. The graph of net IRDO 

versus AT for Propellant UA in Figure 11 was used to convert measured 
s 

IR-detector output versus time data to temperature-time data of the kind 

shown in Figure 30. 
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Measured and calculated surface-temperature histories for three runs 

on samples of Propellant AR in which ignition occurred, Run Nos. 611-6-11, 

-13 and -14 are graphed in Figures 31, 32 and 33, respectively. The meas- 

ured data ir. Figure 31 are in reasonable agreement with the temperature- 

time data calculated using Equation (7).  The experimental data graphed 

in Figures 32 and 33, although showing the same general form as the calcu- 

lated data, have different ignition times than those predicted by Equation 

(7). The experimental tempe-ature-time data for Propellant AR shown in 

these figures were derived from oscillographs of IR-detector output versus 

time with aid of Figure 13. 

The curves representing the experimental data which are graphed in 

Figures 30, 31, 32 and 33 have about the same form as those calculated 

with Equacion (7). The form of the curves representing the experimental, data, 

as ignition temperature is approached, would be expected to be somewhat 

different than that predicted by equation (7). For calculations made 

with Equation (7) it is assumed that the entire surface is heated uniformly 

and that the entire surface is ignited at the same time.  Experimentally, 

we know from viewing high-speed motion pictures of ignition.that the entire 

surface does not always ignite simultaneously. Quite frequently, ignition, 

the appearance of a flame, is initiated at one or more locations on the sur- 

face.  Local ignition is followed by a rapid spreading of the flame across 

the entire surface.  The form of the experimentally measured temperature- 

time curve ir thus somewhat dependent on the following physical features 

of the ignition process:  (a) simultaneous ignition over the entire surface,' 

(b) localized ignition upstream of the detector field of view followed by 

flame spread, and (c) localized ignition downstream of the detector field 

of view followed by flame spread upstream into the field of view of the 

detector. 
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VI.  CONCLUSIONS 

The results of this study show that the thermal ignition model 

proposed by Baer and Ryan [10] with the key ignition reaction con- 

sidered to be localized at the propellant surface closely represents 

the kind of surface-temperature histories observed experimentally. 

Data obtained from this study do not provide any new information 

about the chemistry of the key ignition reaction. 

Some of the more specific conclusions arrived at from this work 

are: 

1. Infrared detectors, used as total radiation sensors, can be 

used for making transient, surface-temperature measurements on 

solid propellants during ignition tests. After ignition is 

initiated at the sample surface, the detector no longer gives 

a reliable reading of the surface temperature because radiation 

from gas-phase processes and hot combustion products is then 

the major source of radiant flux. 

2. Data on smooth-surfaced samples of AP propellants show, 

as expected, that the surface of the propellant behaves as a 

passive solid for the greater portion of the heating process. 

Only after the temperature of the surface, for propellants used 

in this study, rises to about 400°C, relative to room temperature, 

for test conditions employed in this study do reactions involving 

propellant ingredients become important. Oscillographs of infra- 

red detector output versus time do not reveal an effect of strong 

endothermic processes at the propellant surface. 

3. Data on samples with roughened surfaces indicate that these 

samples ignite at about the same surface temperature as samples 

with smooth surfaces for the test conditions of this study. How- 

ever, the surface temperature rises at a faster rate than that pre- 

dicted for heating of samples with smooth surfaces.  It appears 

that the faster temperature rise is the result of a higher.rate of 

heat transfer to the surface than that measured at the test position 
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with a smooth-surfaced heat-flux gage. More data on rough-surfaced 

samples at different test-gas velocities are needed to substantiate 

fully this observation. It appeared, based on earlier ignition stu- 

dies [6, 7], that a combination of factors, higher heat transfer 

rates and exothermic secondary ignition reactions, affected the ig- 

nition process for samples with rough surfaces. 

4. A comparison of measured and calculated surface-temperature his- 

tories, particularly for samples blackened with carbon, shows that 

the thermal responsivity, r , of AP propellants is not a strong func- 

tion of temperature; and temperature-time data calculated assuming 

constant properties closely approximates the actual heating process 

until the sample surface reaches a temperature, AT , of about 400°C. 



APPENDIX A 

CONVECTIVE HEAT TRANSFER TO WALL 
OF TEST-SECTION FLOW CHANNEL 

Heat transfer to the wall of the modified test section (see Figure 

3) was measured with heat-flux gages.  The manufacture and calibration 

of heat-flux gages for measuring heat transfer are described in Appendix 

H of Reference 6. The methods used for analyzing experimental temperature- 

time data from heat-flux gage measurements are described in Appendix I of 

Reference 6. 

The temperature-time data obtained from heat-flux gages mounted 

with their faces flush with the flow-channel wall were, as was found in 

earlier studies [6, 7], well represented by the equation for transient 

convective heating of a semi-infinite solid through a constant wall heat- 

transfer coefficient (see page 72 of Reference 13): 

T - T 2 

T
S . T° - [1 - eN (erfc N)] (A - 1) 
R    O 

» hill 1 2 

Where T , T and T are the initial heat-flux gage temperatures, time- 

dependent surface temperature, and gas temperature respectively; and r 

is the thermal responsivity for the heat-flux gage (square root of the 

product of thermal conductivity, density and 'neat capacity).  In this 

work, T is the temperature of the test gas behind the reflected shock 
O 

wave which has been adjusted for isentroplc compression as the pressure 

in the driven end of the shock tube increases with time after the pas- 

sage of the shock wave. 1$, 

Heat transfer coefficients were obtained from temperature-time data, 

after adjustments were made for temperature dependent gage properties, 

by comparing experimental data with Equation (A-l). Most of the data 

were obtained with heat-flux gages made with substrates of Pyrex 7740, 

but some data were obtained with gages made with substrates of alumina 

(Alsimag 614). For the heat transfer study, three different flow-control 

34 
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orifices, No. 3A, 4A, and 5A, having flow areas of 0.0284, 0.01865 and 

0.01441 square inches, respectively, were used for controlling gas flow 

through the test section.  When measuring surface temperatures, only the 

3A orifice was used, which provides a mean gas velocity of about 100 m/sec 

or a flow Mach No. 0.13 in the flow channel.  The flow channel has a cross 

section 0.50 inches wide by 0.25 inches high.  The rectangular, sharp-edged 

orifice at the entrance to the flow channel has a minimum opening of 0.48 

inches by 0.10 inches. 

Data obtained from this study are tabulated in Table 1, and data for 

flow-control orifices No. 3A, 4A, and 5A are graphed in the form £n(G) 

versus fcn[h/(T )0,3] in Figures 34, 35, and 36, respectively. This is one 

of the conventional ways of correlating heat-transfer coefficients for 

convective, turbulent heat transfer (see Appendix C of Reference 6).  The 

data for the modified test section and different flow-control orifices, 

as expectea, could not be correlated by a single equation.  With the sharp- 

edged orifice upstream, the point of reattachment for separated flow 

would be at a different location for different flow-control orifices 

downstream.  Wall heat-transfer coefficients for the smaller orifices, 

No. 5A and No. 4A, ware found to be dependent on (G)0,8, a value expected 

for turbulent-flow heat transfer.  For the larger orifice, the dependence 

of h on G was slightly higher.  Wall heat-transfer coefficients (with di- 

mensions of cal/[8ec][cm2][°K]) for the three flow-control orifices for 

heat transfer from high-temperature nitrogen are well represented by the 

following equations: 

Flow-control Orifice No. 3A: 

h = 2.784 x 10-*(T )0-3(G)0'938 (A-2) 
g 

Flow-control Orifice No. 4A: 

h - 5.30 x lO-^T )0.3(G)0.8 (A_3) 

Flow-control Orifice No. 5A: 

h - 5.11 x 10-*4(T ) 0.3(G) 0.8 (A_4) 
g 
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Here the mean gas mass velocity, G, has dimensions of g/(sec)(cm2) and 

the: gas temperature, T , is in °K, 

Wall heat-transfer coefficients for all flow-control orifices for 

the regular test section, with the bell-mouthed entrance, were measured 

in a previous study [6] and were found to be represented by the follow- 

ing equation for haat transfer from high-temperature air or nitrogen: 

h = 1.435 x 10-*(T )0.3(G)0.905 (A_5) 
g 

The mass flow rate, G, used as a correlating parameter for all 

heat-transfer coefficients is calculated assuming choked flow at the 

throat, of flow-control orifice. 



APPENDIX B 

PROCEDURE FOR COMING HEAT- 
FLUX GAGE WITH CARBON 

A variation of the procedure described by Camac and Feinberg [8, 9], 

the thermal decomposition of methyl iodide at a hot surface, was used for 

depositing a thin layer of carbon over the face of a heat-flux gage. The 

heat-flux gage was first coated with a thin layer of silicon monoxide 

(less than about 0.1 micron thick) to provide electrical insulation for 

the platinum resistance thermometer. The SiO layer was then overcoated 

with a layer of carbon about 5 microns thick. 

The SiO layer was applied to the face of the gage using a vacuum 

deposition method. Here the term "face" refers to the flat end face of 

a small, solid cylinder of Pyrex 7740 on which the platinum resistance 

thermometer had been painted and fired.  The Pyrex cylinders (gage ele- 

ments) were about 0.40 inches in diameter, and about one inch in length. 

For coating, the gage elements were suspended by wires with their faces 

about two inches above a molybdenum boat containing a 50/50 mixture of 

powdered silicon metal and silicon dioxide (Cab-0-Sil). To reduce heat 

losses from the system, the molybdenum boat (3 inches long by 3/4 inch 

deep by 3/4 inch wide) was partially embedded in a fire brick, and the 

entire system was covered with aluminum foil. A coil made of 25-mil 

molybdenum wire was used as the heating element.  The silicon-silica 

mixture was placed in the molybdenum boat to a level that just covered 

the entire heating element, about one to two millimeters above the heat- 

ing coil.  The entire process was carried out in a vacuum bell at a pres- 

sure of less than 10"1* torr. An excellent coat of SiO deposited on the 

gage face in 30 minutes when the bed temperature was held at about 1500°C. 

The gages were wrapped with heavy aluminum foil to prevent deposition 

of SiO on the walls of the Pyrex cylinders. 

For overcoating the SiO layer with carbon, the method described by 

Camac and Feinberg [8, 9] was used, but was modified for coating the 

more massive heat-flux gages. This method takes advantage of the special 

properties of methyl iodide in that it decomposes at a hot surface leaving 

37 
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a deposit of dense carbon. This method gives excellent deposits on thin 

discs or sheets of Pyrex o:: ceramic material, sufficiently thin so that 

they can be heated uniformly by a platinum foil heatiig element. 

For coating heat-flux gages, the platinum foil heating element (1/2 

inch wide by 0.001 inch thick) was suspended above the face of the gage 

with a gap of about two millimeters between the gage face and the foil 

when the temperature of the foil was at steady-state conditions. The 

coating process was conducted in an argon atmosphere at a pressure of 5 

to 10 inches of Hg absolute. After the system was closed and argon ad- 

mitted, the temperature of the platinum foil was increased until it glowed 

with a dull red color, a temperature in the range of 800 to 900°C. After 

about 10 minutes, time for the gage surface to heat up, methyl iodide was 

slowly bled into the system through a copper tube. The end of the copper 

tube was placed so that the methyl iodide entering the system was directed 

at the face of the heat-flux gage.  In this way, about two milliliters of 

liquid methyl iodide were added to the system in 10 minutes. 

Although good carbon deposits were obtained using this general pro- 

cedure, no standard operating procedure was found that would always give 

good deposits. Normally, this procedure was repeated two or three times 

with variations in platinum foil temperature and/or feed rate of methyl 

iodide before good deposits were obtained. 



APPENDIX C 

ANALYSIS OF DATA FOR CARBON- 
COATED HEAT-FLUX GAGE 

Data obtained with carbon-coated heat-flux gage (HFG-23), used for 

calibrating the infrared detector, required careful analysis to ensure 

that data for the IR detector would be meaningful.  This required that 

the temperature at the surface of the neat-flux gage as a function of time 

be known quite accurately. Furthermore, it was necessary to know the 

temperature drop through the carbon layer at th*; surface so that adjust- 

ments could be made for the temperature measured at the Pyrex surface. 

The temperature coefficient of resistivity of the thin-film plati- 

num resistance thermometer was carefully measured over the range of 0 

to 200°C.  The data obtained over this range were extrapolated to 300°C 

so that experimental temperature-time data, measured at the Pyrex sur- 

face, could be adjusted for variations in temperature coefficient of 

resistivity of platinum film with temperature. 

For estimating the effective thermal barrier at the heat-flux gage 

surface provided by the carbon layer, two different experimental methods 

were used for estimating the properties of the carbon layer.  It is 

well known that the thermal conductivity and density of carbon are 

strongly dependent on the deposition process used, and, consequently, 

it is not possible to estimate the properties of a carbon deposit from 

theoretical considerations alone.  The problem was further complicated 

because the only carbon sample available was that on the gage surface. 

It was found, as expected, that temperature data obtained for shock- 

tube runs with the blackened heat-flux gage were lower than those ob- 

tained with an uncoated gage for the same test conditions.  By comparing 

data obtained witn different heat-flux gages, it was possible to show 

that the layer of carbon on the surface of the heat-flux gage was equi- 

valent to a layer of Pyrex about 5 microns thick.  In other words, during 

the transient heating process in the shock tube, the temperature-time 

data for the carbon-coated heat-flux gage, measured at the Pyrex surface, 

were lower than the temperature at the surface of the carbon layer by an 

amount equivalent to the temperature drop through a 5-micron thick layer 

of Pyrex. 

39 
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Approximately the same result was obtained from a different experi- 

mental method. One of the simplest ways of measuring the thermal respon— 

sivity of heat-flux gages at room temperature is to measure the gage surface 

temperature by conventional heat-flux gage thermometry, as the gage at room 

temperature is rapidly immersed in a bath of carbon tetrachloride held at 

0°C. This process simulates the bringing together of two semi-infinite 

solids of different temperatures with zero contact resistance at their in- 

terface. As the gage contacts the liquid, there is a sharp discontinuity 

in the gage surface temperature as the temperature drops to a new value 

that is dependent on the initial temperatures of the two bodies and their 

thermal properties.  The relationship between temperatures and thermal pro- 

perties for the two bodies is expressed by the following equation: 

T - T,  r» 
_ßä £_ = JL_ (en 
r - T/  r {L L) 

i   *•    ga 

Where: T , T„, and T are the initial uniform gage temperature, initial 
ga K. i 

uniform liquid temperature, and the temperature at the interface between 

the gage and the liquid at the Instant of contact, respectively. 

Figure 37a is an oscillograph of temperature versus time for an un- 

coated gage rapidly immersed in carbon tetrachloride, Note the sharp dis- 

continuities in the temperature-time trace.  For the coated heat-flux gage. 

Figure 37b, the measured temperature adjusts more slowly to the sudden 

temperature change.  By carefully measuring the temperature-time data on 

oscillographs of the kind shown in Figure 37 with an optical comparator and 

then comparing the experimentally determined profile at Pyrex surface (under 

the layer of carbon) with profiles calculated for various distances below 

the surface for this special cooling process, the results again showed that 

the carbon layer was approximately equivalent to a 5-micron thick layer of 

Pyrexc 

With this information about the carbon layer, it was now possible to 

calculate the temperature at the carbon surface as a function of time from 

the experimental temperature-time data at the Pyrex surface. We knew from 

preliminary studies that temperature-time data from shock-tube runs are well 

represented by equations for heating of a semi-infinite solid through a cons- 

tant wall heat-transfer coefficient.  The experimental data for a position 
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5 microns below the surface were well represented by the following equation 

(see page 72 of Reference 13): 

T - T 
0 

• erfc X 

T 
g 

- T 
0 

l(at)ll* 

N - Mt)1 

r 
/2 

hx/k + N2] 
erfc inA^H (C-2) 

Heat-transfer coefficients obtained by comparing experimental data to 

Equation (C-2) were then used to calculate temperature-time data at the sur- 

face of the carbon layer.  In performing these calculations, it was necessary 

to take into consideration temperature-dependent thermophysical properties of 

the Pyrex substrate.  The method used in this work is described in Appendix 

I of Reference 6. 

Temperature-time data for the carbon-coated heat-flux gage are tabulated 

in Table 2C. Two sets of temperature-time data are given. AT is the experi- 

mental temperature measured at the Pyrex surface, and AT is that calculated 
s 

for the carbon surface.  The temperature drop through the carbon layer, as 

these data show, is of the order of 5 to 15°C.  Consequently, a rather large 

error, say 20 percent, in the experimentally determined properties of the 

carbon layer would not greatly affect the observed results. 



APPENDIX D 

TABLES OF DATA 

TABLE I 

SUMMARY OF HEAT TRANSFER DATA FOR MODIFIED TEST SECTION 

(Heat Transfer from High-temperature Nitrogen) 

A.  SHOCK-TUBE JJATA 

1 TO T4 TV P'4 Pti» 
Run i.o. Orifice 1 MK no no (°K) (atm/ (atm) 

62-1-2 

Heat- Flux Gage No. 5 (Pyrex 7740) 

17.5 21.5 3A 2.21 294 835 881 
62-1-3 3A 2.57 294 1050 1138 14.2 19.7 
62-1-4 3A 2.75 294 1154 1251 13.4 18.7 
62-1-5 3A 3.05 295 1329 1427 14.4 19.5 

62-1-6 3A 3.24 295 1463 1592 13.1 18.9 
62-1-7 3A 3.45 295 1609 1757 13.0 19.1 
62-1-8 3A 3.16 295 1414 1531 12.9 18.2 
62-1-9 3A 2.50 295 1010 1088 10.3 13.8 
62-1-10 3A 2.13 296 798 867 10.8 14.9 

62-1-11 4A 2.16 296 813 853 17.1 20.3 
62-1-12 4A 2.53 296 1029 1105 14.2 18.9 

62-1-13 4A 3.03 296 1331 1451 1J.8 19.9 
62-1-14 4A 3.13 296 1396 1509 13.3 18.5 
62-1-15 4A 3.48 296 16J3 1779 12.9 19.7 

62-2-1 5A 2.13 295 798 339 17.9 21.6 
62-2-2 5A 2.57 295 1046 1131 15.0 20.5 
62-2-3 5A 2.58 295 1052 1136 15.3 20.8 
62-2-4 5A 2.83 295 1200 1280 15.4 20.0 
62-2-5 5A 2.77 295 1285 1380 14.1 19.0 

62-2-6 5A 3.12 295 1383 1486 14.7 20.0 
62-2-7 5A 3,45 295 1609 17/1 13.3 20.6 
62-2-8 5A 2.97 295 1285 1377 10.3 13.8 

610-15-9 3A 2.13 295 793 840 15.4 19.3 
610-15-10 3A 2.53 295 1022 1106 13.3 18.3 
610-15-11 3A 3.04 294 1324 1449 12.5 18.3 



TABLE I (continued) 43 

A.  SHOCK-TUBE DATA 

1 Ä T\ V P^ P«.' 
Run No. Orifice *E (°K) (°K> (atm) (atm) 

610-15-1 

Heat-Flux Gage No. 11 (Pvrex 7740) 

15.7 19.5 3A 2.04 296 752 796 
610-15-2 3A 2.15 296 812 860 15.9 19.9 
610-15-3 3A 2.52 296 1022 1110 13.3 18.6 
610-15-4 3A 2.73 296 1146 1237 13.2 18.0 
610-15-5 3A 3.04 296 1331 1443 13.1 18.5 

610-15-6 3A 3.03 296 1327 1445 12.7 18.2 
610-15-7 3A 3.20 295 1438 1562 13.0 18.6 

Heat-Flux Gage No. 1 (Alumina) 

63-15-1 3A 3.44 297 1603 1787 12.5 20.0 
63-15-2 3A 3.47 297 1627 1800 12.4 19.3 
63-15-3 3A 3.28 297 1501 1614 14.1 19.4 
63-15-4 3A 3.18 297 1438 1566 13.9 20.0 
63-15-3 3A 2.76 297 1171 1255 14.7 19.5 

Heat-Flux Gage No. 9 (Alumina) 

610-15-1; I      3A 2.12 294 785 831 15.2 18.8 
610-15-1. J  3A 3.01 294 1307 ]433 12.5 18.4 



TABLE I  (continued) 44 

B.     HEAT TRANSFER DATA 
h h/OV)0.* G Time 

Run No. 

,T   ••.0.3 

riO0-3 
cal g Interval1 

(msec) (cm')(sec)(°K) (cm2)(sec)(«R)1-3 (cm} (sec) 

Heat-Flux Gage No.  5   (i'yrex 7740) 

62-1-2 7.65 10.98 x 10-2 14.35 x 10"3 65.7 4-30 
62-1-3 8.26 8.93 10.81 52.6 5-30 
62-1-4 8.48 8.65 10.19 47.4 2-25 
62-1-5 8.84 8.80 9.95 46.2 3-20 

62-1-6 9.13 8.28 9.07 42.4 3-18 
62-1-7 9.41 8.30 8.82 40.7 2-12 
62-1-3 9.03 8.22 9.10 41.7 2-20 
62-1-9 8.15 6.97 3.55 37.8 5-30 
62-1-10 7.61 7.75 10.18 45.9 2-40 

62-1-11 7.57 8.88 11.73 41.9 5-40 
62-1-12 8.18 7.07 8.64 33.6 5-35 
62-1-13 8.88 6.93 7.80 30.7 2-25 
62-1-14 8.99 6.90 7.67 28.0 2-17 
62-1-15 9.47 7.41 7.83 27.3 1-20 

62-2-1 7.53 7.34 9.75 34.4 5-40 
62-2-2 8.24 5.96 7.23 27.9 2-35 
62-2-3 8.25 6.00 7.28 28.2 5-35 
62-2-4 8.55 6.16 7.21 25.6 2-25 
62-2-5 8.75 5.42 6.19 23.3 5-25 

62-2-6 8.96 5.6«, 6.29 23.5 5-25 
62-2-7 9.44 5.82 6.16 22.1 5-20 
62-2-8 8.74 4.76 5.45 16.9 5-25 

610-15-9 7.53 9.58 12.73 60.3 5-35 
610-15-K )      8,20 8.51 10.38 49.7 1-25 
610-15-1] L      8.88 7.73 8./0 43.1 1-20 

This is the interval for which the tine-temperature data could be represented 
to within *5 percent by Eq. (A-l). 
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B. HEAT TRANSFER DATA (continued) 

Run No. 
(V)0-3 

(•K)0.3 

h 
cal 

h/(V)0          i 
cal                  1 

G 
* 

Time 
Interval1 

(msec) (cm^)(sec)(°K) (cm') (sec) HO4»3  ! (cm2)(sec) 

Heat-F'.ux Gape No.   11   (Pyrex 7740) 

610-15-1 
610-15-2 
610-15-3 
610-15-4 
610-15-5 

7.41 
7.60 
8.23 
8.45 
8.87 

11.56 x lO"2 

10.07 
8.58 
9.24 
8.56 

15.50 * lO"3 

13.24 
10.43 
10.93 
9.64 

62.7 
61.7 
50.3 
46.1 
43.7 

5-40 
5-35 
3-30 
1-22 
1-20 

610-15-6 
610-15-7 

8.88 
9.08 

8.34 
8.52 

9.39 
9.38 

42.9 
42.1 

1-21 
1-20 

Heat-Flux Gage No.  1  (Alumina) 

63-15-1 
63-15-2 
63-15-3 
63-15-4 
63-15-5 

9.44 
9.47 
9.19 
9.11 
8.51 

8.67 
8.47 
9.08 
8.53 
8.99 

9.19 
8.99 
9.08 
9.36 

10.56 

42.1 
40.6 
43.2 
45,3 
49.6 

2-13 
1-15 
2-20 
1-25 
1.30 

Heat-Flux Gage No.   9  (Alumina) 

610-15-L 
610-15-1 

I      7.52 
3      8.84 

10.59 
8.55 

14.08 
9.67 

59.4 
43.7 

1-40 
1-30 

^iroe interval over which the temperature-time data could be represented 
within 5 percent by equation for transient heating of a semi-infinite solid through 
a constant heat transfer coefficient. 



TABLE II 46 

DATA FOR SHOCK-TUBE RUNS WITH 
CARBON-COATED HEAT-FLUX GAGE 

A.  SHOCK-TUBE DATA 

"E 
To T- T-' P^ 

• 'p-r 

Run No. (°K) (°K) (°K) (atm) (atml 

Ö6-10-8-12 2.13 301.4 814 858 16.1 

i 

19.7 
66-10-8-13 2.18 301.6 842 881 17.2 20.5 
66-10-8-14 2.52 301.7 1041 1138 12.9 18.4 
66-10-8-15 2.77 301.7 1192 1285 14.1 19.3 
66-10-8-16 3.04 302.1 1363 1476 13.9 19.5 
66-10-8-17 2.95 302.1 1305 1408 13.7 18.9 

66-11-6-1 1.95 297.0 698 754 6.9 9.2 
66-11-6-2 2.34 297.3 922 995 11.4 15.4 
66-11-6-3 2.44 297.7 982 1059 12.7 17.1 
66-11-7-3 3.00 297.4 1315 1393 13.3 16.9 

B.  HEAT-TRANSFER DATA 

h h/(V) ir.a G 

Run No. 
(V)0«3 
(oK)0.3 

cal cal Ä 
(cmz)(sec)(°K) (cm^)(sec)(°K)1'i (cm*)(sec) 

66-10-8-12 7.56 0.1012 13.39 x 10"3 60.9 
66-10-8-13 7.64 0 1054 14.80 x 10"3 62.8 
66-10-8-14 8.24 0.0888 10.78 x 10"3 49.3 
66-10-8-15 8.56 0.0934 10.91 x 10-3 48.3 
66-10-8-16 8.92 0.0874 9.80 x 10"3 45.4 
66-10-8-17 8.80 0,0890 10.11 x 10"3 45.2 

66-11-6-1 7.30 0.06079 8.33 x 10"3 _ 
66-11-6-2 7.93 0.07697 9.71 x 10"3 '•4.1 
66-11-6-3 8,08 0.C8449 10.46 x 10"3 47.6 
66-11-7-3 8.76 0=08345 9.53 x 10"3 40.7 



TABLE II (continued) 

C.  SURFACE TEMPERATURE AND IR-DÄTECTOR OUTPUT DATA FOR SHOCK-TUBE 
RUNS WITH CARBON-COATED MEAT-FLUX GAGE. 
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AT AT ps, s, 
Time Measured Temperature Temperature Calculated Net IRDO 
(msec) at Pryex Surface (°C) for Carbon Surface (°C) (mv) 

Run No. 66- 10- 8-12 

0 0 0 0 
1 52.5 62.3 3.5 
2 70.0 77.6 5.8 
3 81.0 88.5 7.0 
5 97.8 104.9 11.1 

10 130.8 137.4 22.6 
15 147.5 153.7 28.5 
20 157.3 164.1 33.4 
25 171.2 176.7 40.2 
30 180.4 185.8 45.8 
35 188,5 193.7 51.1 

Run No. 66- 10- 8-13 

0 0 0 0 
1 55.5 63.4 3.7 
2 74.5 82.7 6.2 
3 80.5 88.5 8.0 
5 101.9 109.5 11.9 

10 135.9 143.0 24.0 
15 159.0 165.6 32.9 
20 171.2 177.4 40.7 
25 183.3 187.2 47.2 
30 193,1 198.8 52.1 
35 199.5 205.0 56.£ 

Run No. 66- 10- -8-14 

, 0 0 0 
1 64.0 74.4 5.3 
2 85.0 95.2 9.5 
3 97.1 107.1 12.4 
5 125.0 134.7 21.2 

10 164.1 173.0 37.8 
15 194.9 203.3 57.3 
20 217.0 225.1 72 ..6 
25 234.7 242.4 86.8 

Run No. 66 10 -8-15 

0 0 0 0 
1 80.5 93.4 6.0 
2 101.3 113.8 13.1 
3 116.9 129.2 17.0 
5 153.8 165.6 31.2 

10 200.1 211.0 61.8 
15 234.6 244.9 86.7 
20 260.0 269.9 108.8 



TABLE II (continued) 

SURFACE TEMPERATURE AND IR-DETECTOR OUTPUT DATA FOR SHOCK-TUBE 
RUNS WITH CARBON-COATED HEAT-FLUX GAGE (continued). 
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AT 
ps, 

Measured Temperature 
at Pyrex Surface (°C) 

AT 

Temperature Calculated 
for Carbon Surface (°C) 

Net IRDO 
(mv) 

Run No. 66-10-8-16 

0 0 
1 92.0 
2 114.0 
3 136.6 
5 171.2 

10 225.0 
15 262.6 
20 29].4 

Run No. 66-10-8-17 

0 0 
1 80.5 
2 112.3 
3 125.0 
5 155.0 

10 197.8 
15 235.6 
20 262.1 

Run No. 66-11-6-1 

0 0 
1 27.0 
2 33.0 
3 41.0 
5 51.0 

10 70.0 
15 84.0 
20 93.2 
25 101.8 
30 109.4 
35 112.9 

Run No. 66-11-6-2 

0 0 
1 48.0 
2 65.0 
3 72.0 
5 91.0 

10 122.1 
15 147.6 
20 164.8 
25 179.9 
30 192.8 

0 0 
106.4 8.5 
128.1 18.9 
150.5 26.5 
184.6 44.1 
237.9 82.6 
274.3 122.5 
302.7 153.0 

0 0 
93.2 9.2 

124.7 17.4 
137.2 22.3 
166.8 35.2 
208.9 64.0 
246.1 95.9 
272.1 122.9 

0 
31.0 
37.0 
44.9 
54.9 
73.7 
87.5 
96.6 
105.1 
112.6 
116.1 

0 
55.6 
72.5 
79.4 
98.2 

128.8 
154.1 
171.0 
185.9 
198.6 

0.9 
1.0 
2.1 
3.3 
7.5 

10.3 
10.7 
14.3 
15.2 
17.1 

0 
3.5 
6.2 
6.9 

11.8 
22.4 
32,9 
42.0 
51.6 
59.3 



c. 

TABLE II (continued) 

SURFACE TEMPERATURE AND IR-DETECTOR OUTPUT DATA FOR SHOCK-TUBE 
RUNS WITH CARBON-COATED KEAT-FLUX GAGE (continued). 
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ps, AT 
s, 

Time Measured Temperature Temperature Calculated Net IRDO 
(msec) at Pyrex Surface (°C) for Carbon Surface (°C) (mv) 

Run No. 66- 11-6- -3 

0 0 0 0 
1 58.0 67.0 4.2 
2 78.0 86.9 7.6 
3 87.0 95.7 9.6 
5 109.4 117.9 16.0 

10 146.4 154.3 32.9 
15 169.5 177.0 46.9 
20 189.2 196.3 61.4 
25 205.6 212.5 76.8 
30 215.8 222.4 85.0 

Run No. 66- 11-7- -3 

0 0 0 0 
1 87.0 99.7 10.3 
2 103.6 116.3 14.4 
3 120.9 3 33.3 19.5 
5 153.3 165.4 33.7 

10 205.4 216.7 65.2 
15 229.6 250.8 92.5 
20 248,2 275.8 117.0 
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TABLE III 

PRÖPELLANT COMPOSITIONS 

Ingredients (Weight Percent) 

i 

Pröpellant 
Code 

Fuel Catalyst 

  

Ammonium 
Perchlorate 

Ammonium 
Perchlorate 
Particle 
Size (a) 

A: CAST.PnOPELLANTS 

AR 25.0 PBAA (b) 
3.0 Philblack E 

(c) 

2.0 Copper 
Chromite (d) 

70.0 15 Micron 

AQ 30.35 PBAA,2.79 
Thilblack E 

1,86 Copper 
Chromite 

65.0 15 Micron 

FM 18.0 PBAA 2.0 Copper 
.Chromite 

40.0 
40.0 

15 Micron 
200 Micron 

UA 25.0 PBAA 2.0 Copper 
Chromite 

73,0 15 Micron 

B: PRESSED PROPELLANTS (e) 

PP-CBM (f) 16.0 Philblack 
E 

2.0 Copper 

Chromite 

82.0 15 Micron 

PP-E (g) 4.5 Sterling 
VR Carbon 
Biack (h) 

2.5 Copper 
Chromite 

46.5 
46.5 

15 Micron 
45 Micron 

PP-F (f) - 5.0 Copper 
Chromite 

95.0 15 Micron 

(a) Ammonium perchlorate: of the designated particle size means that the 
50 weight percent of the particles have dianeters less than the value 
indicated. For particle sizes greater than 35 microns, a screen analy- 
sis was used to determine particle diameters.  For particles less than 
15 microns in diameter, particle sizes were determined microscopically 
by first dispersing ammonium perchlorate in dry carbon tetrachloride 
with tho aid of a wetting agent and then measuring diameters of 200 
to 300 particles. All ammonium perchlorate was obtained from the 
American Potash and Chemical Corporation. 

(b) The PBAA binder-fuel for these propellants was composed of 85.0 percent 
of a liquid polybutadiene-acrylic acid copolymer cured 15.0 percent Epon 
828 (manufactured by Shell Chemical Company). 

(c) A rubber-reinforcing carbon black obtained from Phillips Petroleum 
Company. 



51 
TABLE III  (continued) 

(d) Copper Chromite Catalyst Cu0202 P from Harshaw Chemical Company contains 
approximately 82 percent CuO and 17 percent Cr203« 

(e) The ingredients for pressed propellants were prepared by blending all 
fine-particle size ingredients and then passing the dry blend of ingredients 
through a 270-mesh screen several times. 

(f) Dry-blended material, slightly moistened, was pressed into pellets under 
a pressure of 100,000 psig. Pellets formed at 100,000 psig were powdered 
and repressed at 200,000 psig. 

(g) Dry-blended material, slightly moistened, was pressed into pellets under 
a pressure of 100,000 psig. 

(h) Sterling VR carbon black was obtained from the Cabot Corporation. 
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(a) Data for pressed ammonium perchlorate powder. Thermal diffusivity and thermal 
conductivity are based on work of Rosser, Inami, and Wise [12], 

(b) Data for copper chromite were estimated from data on CuO and (^03 given by 
Lange'8 Handbook of Chemi8trnjs   Sixth Edition. 

(c) Thermal conductivity data for Philblack E was estimated from measured thermal 
diffusivity on pressed propellents made from Philblack E and ammonium perchlorate. 

(d) PBAA Binder composed of 5 percent Philblack E and 95 percent PBAA polymer. The 
polymer consisted of 85 percent liquid polybutadiene-acrylic copolymer and 15 
percent Epon 828 curing agent. The thermophysical properties for the binder were 
estimated from data on Philblack E and measured values on cured, unloaded polymer. 

(e) The polyurethane binder consisted of the following ingredients by weight percent: 
estane, 96.6; trimethylol propane (TMP), 2.3; 1, 4 butanedial (1,4BD), 0.7; and 
triethanolamine (TEA), 0.4. No thermophysical properties were available. Data 
for PBAA binaer with Philblack E were used in calculations. 

(f) Thermophysical properties ior this propellent were not measured directly, but 
were estimated from data on similar propellants. 

(g) Thermophysical properties were measured by the methods described in Ref. £>. 

(h) Thermal responsivity of JPN(Double-Base) propellant calculated from data on 
double-base propellant given in Ref. 14, 

(i) Thermophysical properties were based on measurements on pellets of PP-CBM 
of lower density and adjustments were made for porosity. 

(j) Thermal responsivity assumed to be the san:e as that for pressed AP of 
equivalent density. 



TABLE V 

HEAT-TRANSFER DATA FOR SHOCK-TUBE RUNS FOR MEASUREMENT 
OF SURFACE TEMPERATURES ON PROPELLANTS AND PROPELIANT INGREDIENTS 
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_ 

Run No. «E 

T 
o 

°K 

T 
8 
°K (atm) 

G 

g 

h 
cal 

Fs  (a) 

cal 
(cm'O (sec) (cm<0(sec)(°K) (cm2) (sec) 

A. PROPELLANT UA 

611-6- -20 2.46 300 1079 17 8 49.0 0.0871 43.2 
611-6- -21 2.99 300 1421 17 4 41.5 0.080S 59.2 
611-6- -22 2.89 300 1337 16 8 41.3 0.0791 54.1 
611-6- -23 2.66 300 1208 17 6 45.5 0.0840 49.2 

B. PROPELLANT AR 

69-21^ -14 2.10 301 835 18 8 59.2 0.0963 31.3 
69-21- -15 2.55 301 1134 19 4 52.1 0.0936 48.1 
69-21- -16 2.56 301 1146 19 4 51.6 0.0931 48.6 

69-22- -5 2.52 301 1118 18 ? 49.2 0.0883 45.4 
69-22- -6 2.74 301 1258 19 Ü 48.2 0.0897 53.8 
69-22- -7 2.66 301 1220 17 3 44.5 0.0826 49.1 
69-22- -8 2.74 301 1253 18 6 48.0 0.0893 53.4 

611-6- -11 3.01 300 1<*26 17 1 40.6 0.0793 58.7 
611-6- •12 2.99 300 1424 17 3 41.1 0.0802 59.0 
611-6- -13 3.09 300 1493 17 8 41.2 0.0816 63.3 
611-6- -14 2.58 300 1168 17 4 45.9 0.0839 46.9 
611-6- -19 2.97 300 1416 17 8 42.5 0.0827 59.7 
611-6- -25 2.69 300 1231 17 5 44.9 0.0834 50.1 

611-7- -6 2.45 298 1065 18 3 50.6 0.0895 43.1 
611-7- -7 2.42 298 1042 17 3 48.4 0.0851 40.5 
611-7- -8 1.98 298 748 17 1 57.0 0.0900 25.4 
611-7- -9 1.94 298 740 17 7 59.2 0.0928 25.4 

611-8- 1 2.10 294 804 18 2 59.2 0.0952 29.7 
611-8- -3 2.47 294 1061 19 3 53.4 0.0939 44.4 
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————— 

Run No. h 

r 

r 
'o 
°K 

T 
g 

Pi,' 

(atm) 

G h 
cal 

F         (a) 
8cal 

(cmz)(sec) (en <)(sec)(elO (cm*)(sec) 

C.    PROPELLANT AO 

611-6-4 
611-6-5 
611-6-6 
611-6-7 
611-6-8 
611-6-9 
611-6-10 

2.02 
2.52 
2.70 
3.04 
2.66 
3.01 
2.67 

299 
299 
299 
299 
300 
300 
300 

783 
1109 
1217 
1465 
1186 
1427 
1208 

17,8 
18.6 
18.1 
18.8 
17.2 
17.8 
18.8 

57.9 
50.3 
46.7 
44.2 
45.0 
42.3 
48.8 

0.0925 
0.0900 
0.0863 
0.0866 
0.0828 
0.0826 
0.0898 

27.5 
45.2 
50.0 
63.6 
47.0 
59.7 
50.6 

D.     PRESSED PROPELLANT PP-CEM 

610-25-13 
610-25-14 
610-25-15 

2.56 
2.74 
2.55 

303 
303 
303 

1149 
1246 
1137 

20.0 
19.6 
19.5 

53.2 
50.0 
52.2 

0.0956 
0.0926 
0.0939 

53.6 
58.4 
52.2 

610-25-16 
610-25-17 

2.73 
3.03 

302 
302 

1261 
1469 

18.1 
18.2 

45.9 
42.5 

0.0857 
0.0836 

56.4 
67.5 

611-6-17 
611-6-18 

2.05 
2.66 

300 
300 

807 
1203 

E. 

18.4 
17.3 

PRESSED 

58.7 
45.0 

PROPELLANT ».' •-B 

0.0946 
0.0831 

31.9 
52.1 

610-2 5-5 
610-25-6 
610-25-7 

2.66 
2.58 
2.98 

301 
301 
302 

1208 
1162 
1414 

17.3 
19.3 
18.2 

44.9 
50.9 
43.4 

0.0831 
0.0923 
0. 0842 

52.0- 
52.9 
64.3 

F. PRESSED PROPELLANT PP-F 

611-7-4 
611-7-5 

2.73 
3.01 

298 
298 

1254 
1444 

18.2 
18.6 

46.3 
44.0 

0. 0864 
0. 0859 

56.3 
67.2 

G.     PRESSED AMMONIUM PERCHLORATE 

610-25 -2 
610-25-3 
610-25 -4 

2.70 
2.97 
3.20 

300 
301 
301 

1236 
1427 
1566 

19.5 
17.7 
17.6 

49.8 
42.0 
39.9 

0.0921 
0.0820 
0. 0802 

57.4 
64.0 
70.8 

H.     DOUBLE-BASE  PROPELLANT JPN 

69-21-11 
69-21-12 

1.97 
2.75 

30.1 
302 

768 
1266 

19.4 
19.1 

63.6 
48.3 

0.1005 
0. 0902 

26.3 
31.6 
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TABLE V (continued) 

Run No. "E 

T 
0 

T 
g 

°K 

Pi,' 

(atm) 

G 
2 

h 
cal 

F„ (a) 

cal 
(cm*)(sec) (cm')(sec)(°K) (cmO (sec) 

I.  PflAA BINDER 

610-25-8 
610-25-9 
610-25-10 
610-25-11 
610-25-12 

2.74 
2.70 
2.68 
3.15 
3.21 

302 
302 
302 
302 
303 

1245 
1227 
1222 
1549 
1607 

16.9    48.3 
18.1 47.3 
18.2 46.8 
18.5    42.8 
18.5    41.3 

0.0896 
0.0875 
0.0866 
0.0855 
0.0836 

45.7 
44.3 
43.8 
59.0 
61.0 

J POLYURETHANE BINDER 

69-22-1 
69-22-2 

2.71 
2.75 

298 
298 

1228 
1254 

19,1     49.1 
19.1     49.4 

0.0907 
0.0918 

45.4 
46.9 

(a) Fs is the mean externally app .ied heat flux.  This value is based on the 
mean heating rate for first 20 milliseconds of test: 

r 
¥ - -E 
s   2 

1/2 
T20 ~ T, 

Where: T20 is the temperature at the surface of the sample 20 milliseconds 
after start of linear heating through a constant heat transfer coefficient. 



TABLE VI 

DATA FROM SURFACE-TEMPERATURE MEASUREMENTS ON PROPELLANTS 
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A.  DATA FCR PROPELLANT UA 

AT (c) Net AT8
L (b) AT  (c) Net ATg

L (b) 
Time IRDO (a) (calc.) (E$p.) Time IRDO (a) (calc.) (Exp.) 
(msec) (mv) (°C) (°c) (msec) (mv) (°C) (°C) 

Run No. 611-6-20 Run No. 611-6-22 
(Smooth Surface) (Polymer-Rich Surface, Ignited) 

0       0 0 - 0 0 0 0 
2      6.1 144 - 1 5.8 130 142 
3      9.5 170 - 2 10.4 176 178 
5     19.4 209 - 3 14.0 209 196 

10     41.2 270 - 5 30.0 258 258 
15     62.8 310 - iO 62.8 335 332 
20     84.2 339 - 12 81.C 358 361 
25     100.0 363 - 13 83.6 368 368 
30     109.8 382 - 14 86.3 377 371 

- 15 97.0 386 386 
Run No. 611-6-21 .16 101.9 395 397 
(Same Sample used Ln 611-6-20 Ignited) 17 119.8 403 416 

18 205 411 500 
0       0 0 0 20 408 425 615 
1      7.9 143 160 
2      14.4 194 199 Run No. 611-6-23 
3      22.5 230 231 (Smooth Surface) 
4      30.5 259 260 
5     41.6 283 289 0 0 0 - 
6     49.1 304 305 1 3.4 120 - 
7      57.6 323 321 2 7.7 162 - 
8     67.1 339 340 3 10.0 193 - 
9      73.6 354 350 5 21.8 236 - 

10     83.4 368 369 10 49.4 306 - 
11     92.8 381 380 15 74.7 352 - 
12     105.2 393 399 20 98.2 387 - 
13     118.6 404 411 25 117.4 414 - 
14     129.0 414 428 30 134.6 437 - 
14.5   136.7 - 436 
1'j             153.4 424 451 
15.5   159. - 460 
16     345v 433 598 
17     555 442 740 
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B. DATA FOR PROPELLANT AR 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 

AT8  (b) 
(calc-N 

äTs  (c) 
(2Xp.) 
(°C) 

Run No. 69-21-14 
(Smooth Surface, Coated with Thin Film 
of Philblack E) 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 
(calc.) 

(eC) 

AT8 (c) 
'exp.) 
(°C) 

0 0 0 
2 13.8 108 
3 18.2 127 
5 24.1 155 
10 42.9 199 
15 59.5 227 
20 73.0 248 
25 81.1 264 
30 98.2 278 
35 111.7 289 

Run No. 69-21-15 
(Same Sample Used in 69-21-14) 

0 0 0 
2 30.1 164 
3 38.1 194 
5 65.9 237 

10 133.5 304 
15 188. 348 
20 254 380 
2': 2 72 406 

Run No.   69-21-16 
(Same Sample used in 69-21-15,   ignited) 

0 
166 
196 
239 
307 
352 
366 
384 
395 
410 
415 

0 0 
2 33.0 
3 41.5 
5 71.8 

10 139 
15 183 
17 208 
20 255 
22 265 
23 273 
2M 288 
27 319 
28 350 
29 490 
SO 600 

Run.No. 69-22-5 
(Smooth Surface) 

0 
1 
2 
3 
5 

10 
15 
20 
25 
30 

0 
9.5 

15.8 
20.3 
36.0 
70.7 

101.6 
130.7 
151 
187 

0 
113 
153 
181 
222 
287 
329 
360 
384 
405 

Run No. t9-22-6 
(Same Sample Used in 69-22-5, Ignited) 

0 
142 
179 
200 
240 
325 
362 
395 
400 
403 
403 
425 
446 
460 
555 

- 0 0 0 
- 1 15.1 135 
- 2 25.1 182 
- 3 32.9 215 
- 5 50.9 263 
- 10 112.7 339 
- 15 149.7 38* 
- 20 189 425 

21 196 432 
22 202 438 

ited) 23 203 443 
24 230 449 

0 25 266 454 
173 26 2 90 - 
192 27 490 - 
240 
310 Run No. 69-22-7 
346 (Smooth S'Tlace) 
360 
390 0 0 0 
396 1 14.6 120 
400 2 22.7 163 
408 3 28.4 193 
424 5 45.2 234 
439 10 82.4 307 
495 15 111.4 353 
530 20 150 388 

25 183 416 
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B. DATA FOR PROPELLANT AR (continued) 

Net aTa <b> AT (c) Net ATa
L (b) AT8 (c) 

(exp.) Time IRDO (c) (talc.) Time IRDO (a) (calc.) 
(msec) (mv) (°C) (°C) (msec) (mv) (°C) (°C) 

Run No. 69-22-8 Run No. 611-6-12 
(Same Sample Used Ln 69-22-7, Ignited) (Smooth Surface, Ignited) 
(Test Gas: Air) 

0       0 0 0 0 0 0 0 
1      23.1 133 171 1 17.8 143 153 
2      32.0 180 198 2 33.4 194 200 
3     39.8 213 216 3 50.5 231 240 
5      60.8 261 256 , 4 70.1 259 270 

10     106.6 336 319 5 91.7 284 300 
15     164.6 386 375 6 109 304 321 
20     230 422 425 7 127 323 340 
25     264 451 448 8 152 340 365 
28    294 - 462 9 175 355 383 
29     290 - 461 10 203 368 405 
30     288 - 460 11 218 381 415 
31     293 - 462 12 242 393 432 
32     294 ... 4c2 13 262 404 445 
33     340 - 488 14 281 415 458 
34     580 - 590 14.5 291 - 461 

15.0 351 425 495 
Run No. C11-6-11 15.5 51ö - 560 

1 (Smooth Surface, Ignited) 16.0 660 - 620 
j 17.0 825 - 860 

0       0 0 0 18.0 .1130 - 750 
1      19.6 142 160 
2     33.2 193 200 Run No. 611-i-13 
3      51.6 229 240 (Smooth Surface, Ignited) 
4      69.7 257 270 
5      90.8 281 300 0 0 0 0 
G    108 302 320 2 40.3 209 117 
7     124 321 338 3 59.0 248 252 
3     152 337 364 4 71.3 279 271 
9     172 352 380 5 86.7 305 295 

10     203 366 405 6 104.8 327 319 
11     218 379 417 7 123 347 339 
12     232 391 428 8 138 365 350 
12.5   245 - 433 9 154 381 367 
13     267 402 448 10 185 396 390 
13.5   311 - 473 11 204 409 405 
14     381 412 510 12 220 222 419 
14.5   525 - 570 13 247 434 433 

14 272 445 450 
14.5 301 - 470 
15 563 455 582 
16 1180 - 755 
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B.  DATA FOR P10PELLANT AR (continued) 

Net T  (b) T (c) Net I L (b) T. (c) 
Time IRDO (a) (calc.) (exp.) Time IRDO (a) (calc.) (Ixp,) 
(msec) (mv) (°C) (°C) (msec) (mv) (°C) (°C) 

Run No. 611-6-14 Run No. 611-6-25 
(Smooth Surface, Ignited) (Surface Roughened and Coated with 

Philblack E, Ignited)(d) 

0       0        0 0 0      0 0 0 
2     20.8     156 164 1    46.1 123 230 
3      30.8      185 193 2    63.6 166 260 
5      55.0      227 246 3    80.0 197 284 

10     105       294 319 4    95.8 222 305 
15     157       338 370 5    104 242 317 
18     193       358 398 6    133 260 345 
19     214       365 412 7    134 275 346 
20     218       370 416 8    144 289 357 
21     232       376 429 9   165 302 375 
22     251       332 440 10   155 314 368 
22.5   270 450 11    165 324 375 
23     426       387 530 12    179 334 388 
24     640       T'02 610 13   191 344 397 

14    202 352 403 
Run No. 611-6- 19 15    202 361 403 
(Smooth Surface, Ignited) 16   218 368 417 

17    250 376 437 
0       0        0 0 18    262 383 444 
2      25.4      198 180 19    301 389 469 
3     42.4     235 211 20   411 396 521 
4      62.4     264 260 21    590 402 590 
5      90.4      288 300 
6     106.5      309 319 Rim No. 611-7-6 
7     118.5     32« 331 (Srooth Surface) 
8     133       345 346 
9     149       360 361 0      ö 0 - 

10     175       374 375 1      8.7 108 - 
11     207       386 410 2     15.1 145 - 
12     306       398 470 3     20.6 172 - 
13     417       409 525 5     35.4 211 - 
14    1135       420 740 10     75.4 272 - 

15    108 311 - 
20    135 341 - 
25    166 364 - 
30    191 383 

" 
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B. DATA FOR PROPELLANT AR (continued) 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 

AT
8  

(b) 

(calc.) 
(°C) 

(exp.) 
(°C) 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 

a" (b) 
(calc.) 

(°C) 

AT8 (c) 
(exp.) 
(°C) 

Run No. 611-7-7 
(Surface Roughened and Coated with 
Philblack E, Ignited (d) 

0 0 
1 39.9 
2 60.2 
3 62.7 
4 77.6 
5 94.6 
6 105.4 
7 115.2 
8 127 
9 138 

10 157 
11 182 
12 232 
13 324 

0 0 
100 216 
135 255 
160 260 
180 281 
196 303 
211 318 
223 329 
235 340 
245 350 
254 369 
263 390 
271 425 
278 480 

Run No. 611-7-8 
(Smooth Surface Coated with Thin Film 
of Philblack E) 

ü 0 0 0 
1 5.8 64 
2 7.8 86 
3 11.7 101 
5 14.5 124 
10 31.7 1 '.0 
15 42.3 153 
20 51.2 200 
25 62.2 214 
30 69.4 225 
35 73.1 235 
40 80 243 

Run No. 611-8-3 
(Smooth Surface) 

0 0 0 
1 9.9 112 
2 13.4 151 
3 22.8 179 
5 34.9 218 

10 61.5 281 
15 88.4 321 
20 119.8 350 
2 5 142.7 374 

Run No. 611-7-9 
(Same Sample Used in Run 611-7-8, 
Surface Roughened and Coated with 
Philblack E) 

0 0 0 0 
1 16.8 64 150 
2 22.0 86 169 
3 27.0 102 182 
5 32.5 125 199 

1C 55.4 160 248 
15 64.5 184 2o2 
20 70.9 201 271 
25 83.9 214 290 
30 96.8 225 308 
35 100.9 235 311 

Run No. 611-8-1 
(Same Sample Used in Run 611-7-9, 
Test Gas: Air) 

0 
1 
2 
3 
5 
8 

10 
14 
15 
20 
23 
25 
30 
35 

0 
17.1 
22.3 
37.1 
42.1 
64.6 
71.1 
74.2 
84.0 
99.1 
91.6 
99.6 

108.4 
113.2 

0 
76 

102 
120 
147 
174 
188 
210 
215 
235 
244 
250 
263 
274 

0 
151 
170 
210 
220 
262 
271 
277 
290 
310 
300 
311 
320 
325 
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C.  DATA FOR PROPELLANT AQ 

Net AT L (b) 
Time IRDO (a) (calc.) 
(msec) (mv) (°C) 

Run No. 611-6-4 
(Smooth Surface) 

0 0 0 
1 3.7 72 
2 8.1 96 
3 12.6 114 
5 19.4 140 

10 37.6 178 
15 57.0 204 
20 67.0 223 
25 80.1 238 
30 87.1 250 
35 92.8 260 
40 99.7 269 

ATg (c) 
<;exp.) 
(°C) 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 

ATs (b) 

(calc.) 
(°C) 

ATs (c) 
(exp.) 
(°C) 

Run No. 611-6-5 
(Same Sample Used in 611-6-4) 

0 
228 
293 
335 
366 
391 

Run No. 611-6-6 
(Same Sample Used in 611-6-5) 

0 0 
5 43.2 

10 98.8 
15 153.3 
20 208 
25 231 

0 0 0 
1 7.0 128 
2 19.1 172 
3 31.0 204 
5 65.7 250 

10 141 322 
15 210 370 
20 263 405 

Run No. 611-6-7 
(Same Sample Used in 611-6-6, Ignited) 

0 0 0 0 
1 10.5 162 141 
2 39.4 219 225 
3 54.8 260 250 
4 83.9 291 289 
5 119 318 321 
6 144 341 341 
7 175 361 370 
8 203 379 384 
9 231 395 399 
10 271 410 420 
11 310 425 440 
12 405 437 475 
13 675 449 555 

Run No. 611-6-8 
(Smooth Surface) 

0 0 0 _ 
1 14.3 119 - 
2 17.7 161 - 
3 24.0 190 - 
5 41.8 234 - 

10 98.4 302 - 
15 167 347 - 
20 111 381 - 
2 5 254 408 — 
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C.    DATA FOR PROPELLANT AQ (continued) 

rime 
(o»ac) 

Net 
IRDO  (a) 

(mv) 

AT "  (b) 
(calc.) 
(°C) 

ATs (c) 
(exp.) 
(°C) 

Run No.   611-6-9 
(Same Sample Used in 611-6-8,   Ignited) 

0 0 0 0 
1 13.7 151 154 
2 31.4 204 208 
3 37.6 242 220 
5 85.7 296 290 
8 146 354 345 

10 195 384 375 
11 200 397 380 
12 232 409 400 
13 262 420 412 
14 283 431 425 
15 375 441 462 
16 615 - 540 
17 845 - 600 

Run No, 611-6-10 
(Smooth Surface; surface temperature 
started to rise near end of test.) 

0 
1 
2 
3 
5 

10 
15 
20 
23 
30 
32 
35 
37 
38 
40 
45 

0 0 
11.3 131 
17.7 176 
30.0 208 
53.8 255 

112.4 328 
19 - 375 
25* 410 
.~?5 438 
313 - 
331 - 
4ul - 
450 - 
455 - 
425 - 
413 - 

0 
145 
170 
205 
250 
318 
380 
410 
430 
440 
447 
472 
490 
492 
482 
479 
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D.  DATA FOR PRESSED PROPELLANT PP-CBM 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 

ATa <b> 
(calc.) 
CO 

AT (c) 
(exp.) 
(6C) 

Run No. 610-25-13 
(Smooth Surface) 

0 
1 
2 
3 
5 

10 
15 
20 
25 

0 
8.0 

16.9 
24.2 
40.0 
79.4 

113.8 
145.3 
152.8 

0 
105 
143 
170 
209 
272 
314 
345 
370 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 

AV (b) 
(calc.) 
(°C) 

ATs (c) 
(exp.) 
(CC) 

Run No. 610-25-14 
(Same Sample Osed in 610-25-13, Ignited 

0 0 
I 11. 
2 24.6 
3 34.0 
5 57.7 

10 10/.6 
12 128.4 
13 139.2 
14 148 
L5 1/2 
16 231 
17 276 
18 471 

0 
114 
154 
184 
226 
295 
316 
325 
333 
341 
349 
356 
363 

0 
111 
161 
188 
243 
318 
340 
351 
362 
389 
440 
471 
585 

Run No. 610-25-15 
(Smooth Surface) 

0 
1 
2 
3 
5 

10 
15 
20 
25 
30 

0 
11.1 
16.9 
24.2 
38.1 
74 
96 

120 
140 
151 

0 
102 
138 
164 
203 
264 
305 
336 
360 
381 

Run No.   610-25-16 
(Same Sample Used in 610-25-15) 

0 
108 
147 
175 
216 
283 
329 
363 
390 

Run No.   610-25-17 
(Same Sample Used in 610-25-16, Ignited 

0 0 
1 12.7 
2 22.6 
3 28.0 
5 52.7 

10 81.6 
15 111.8 
20 140.3 
25 160.3 

(, 0 
1 17.6 
2 36.4 
3 49.7 
5 76.0 
7 90.0 

10 128 
i? 156 
1 ! 168 
14 176 
15 189 
Jf> 198 
17 215 
18 245 
1" 295 
20 500 

0 
128 
175 
208 
258 
295 
339 
362 
373 
383 
393 
402 
411 
419 
427 
4 34 

0 
138 
194 
223 
271 
291 
340 
361 
381 
391 
400 
410 
426 
450 
487 
030 
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TABLE VI (continued) 

.i),  DATA FOR PRESSED PROPELLANT PP-CBh 
(continued) 

Net 
Time   IRDO (a) 
(usec)    (mv) 

ATs
L (b) 

(calc.) 
(°C) 

ATg (c) 
(exp.) 
(°C) 

Run No. 611-6-17 
(Smooth Surface, Coated with Thin 
Layer of Philblack E) 

0 0 0 
1 7.2 62 
2 12.0 85 
3 15.4 1 m 

5 21.3 124 
10 33.9 162 
15 52.8 186 
20 61.9 205 
25 68.9 220 
30 76.8 233 
35 84.5 243 

Run No. 611-6-18 
(Same Sample Used in 611-6-17) 

2 27. 7 135 _ 
3 36. 0 161 - 
5 61. 8 199 - 

10 109. 4 261 - 
15 144. 6 303 - 
20 183 335 - 
21 192 341 - 
22 205 346 - 
23 219 351 - 
24 236 356 - 
25 239 361 - 
26 253 365 - 



TABLE VI (continued) 
66 

E,  DATA OF PRESSED PROPELLANT PP-E 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 

AT" (b) 
(calc.) 
(°C) 

Run No. 610-25-5 

0 
1 
2 
3 

10 
15 
20 
25 
30 

0 
1 
2 
3 
5 

10 
15 
20 
25 
30 

0 0 
5.9 101 
9.T 137 

15.5 163 
28.8 202 
59.9 265 
90.8 308 

114.2 340 
133.4 366 
148.6 388 

-25-6 

0 0 
7.8 105 

12.9 143 
19.0 169 
34.0 209 
64.1 272 
95.6 314 

125.0 346 
153.4 371 
169.4 393 

Run No. 610-25-7 

(Same Sample Used in 610-25-6 

0 
1 
2 
3 
5 

10 
11 
12 
13 
14 
15 
16 
17 

ATs (c) 
(exp.) 
CO 

0 0 
13.0 125 
24.4 170 
34.4 202 
60.4 250 

111.6 328 
120.2 340 
136.8 3.rl 
150.4 362 
167.9 371 
191.2 381 
235 389 
31.9 398 

Ignited) 

0 
139 
180 
208 
261 
335 
342 
361 
373 
390 
412 
449 
500 
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F. DATA FOR PRESSED PROPELLANT PP-F 

Time 
Net 

IRDO (a) 
ATs

L (b) 
(calc.) 

AT (c) 
(exp.) 

(msec) (mv) (°C) (°C) 

Run No. 611-7-4 

0 0 0 _ 
1 3.8 110 - 
2 8.6 150 - 
3 11.0 178 - 
5 21.7 220 - 

10 41.6 288 - 
15 63.8 333 - 
20 98.2 368 - 
25 115.2 396 - 

Run No. 611-7-5 
(Same Sample Used i Ln 611-7-4, Ignited) 

0 0 0 0 
1 3.7 131 118 
2 10.4 178 175 
3 15.6 212 203 
5 28.8 262 255 

10 52.2 344 319 
15 100.2 398 400 
20 162.8 439 475 
21 215 - 515 
22 265 - 560 
23 310 - 595 
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1 

G. DATA FOR PRESSED 
AMMONIUM PERCHLORATE 

Net Tg
L (b) 

Time IRDO (a) (calc.) 
(msec) (mv) (*C) 

Run No 610-25-2 

0 0 0 
2 7.7 155 
3 10.0 184 
5 19.7 227 
10 39.0 295 
15 56,2 341 
20 77.7 376 
25 94.8 403 

Run No. 610-25-3 
(Same Sample Used in 
610-25- 2) 

0 0 0 
1 5.5 123 
2 9.9 168 
3 15.9 200 
5 27.9 248 

10 43.8 326 
15 75.4 378 
20 97.0 418 

Run No. 610-25-4 
(Same Sample Used in 
610-25- 3) 

0 0 0 
1 4.1 136 
2 13.3 185 
3 21.4 221 
5 37 274 

10 56 361 
15 96 419 
20 136 463 
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TABLE VI (continued) 69 

H. DATA FOR DOUBLE-BASE PROPFLLANT 
 JPN 

Time 
(msec) 

Net 
IRDO (a) 

(mv) 
(calc.) 
(°C) 

(ixpO 

Run No. 69-21-11 

0 0 
2 4.6 
3 5.9 
5 9.7 
7 12.9 

10 19.0 
15 25.7 
20 31.0 
25 37.7 
30 41.8 
35 45.C 
40 49.8 

0 
109 
127 
154 
173 
195 
220 
239 
253 
265 
275 
283 

Run No. 69-21-12 

(Same Sample Used in 69-21-11, Ignited) 

0 0 
2 24.0 
3 31.8 
4 39.9 
5 49.0 
6 95.9 
6.5 88.9 
7 106.3 
8 72.8 
8.5 58.2 
9 59.7 

10 149.6 
10.5 182.8 
11.5 68.6 

0 
205 
242 
271 
294 

0 
220 
241 
261 
283 
359 
348 
370 
325 
300 
302 
412 
440 
320 
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I.  DATA FOR PBAA BINDER: 

Net AT L (b) 
(calc.) 

Net AT L (b) 
Time IRDO (a) (calc.) Time IRDO (a) 
(msec) (mv) (°C) (msec) (mv) (°C) 

Run No. 610-25-8 Run No. 610-25-li 
(Tested in Air) 

0       0 0 
1      2.8 178 0      0 0 
2      6.1 236 2     13.7 301 
3     10.0 276 3    19.4 352 
5     19.7 332 5    37.0 425 

10     42.6 416 10    75.5 536 
15     62.6 469 15    109.4 604 
20     84.2 506 20    139 654 
25     99.2 535 
30     116.5 558 Run No. 610-25-12 

(Same Sample Used in 
Run No. 610-25-9 610-25-11) 
(Same Sample Used in 
610-25-8, Tested in Air) 0      0 0 

1     6.0 232 
0      0 0 2    16.2 309 
2      6.6 227 3    28.6 362 
3     12.5 266 5    56.0 438 
5    24.7 321 10   105.6 552 

10    51.0 403 15    152 624 
15     78.2 454 
20     99.7 491 
25    112 520 
30    125 543 

Run No. 610-25-10 
(Sample Coated with 
Philblack E) 

0      0 0 
1     14.2 168 
2     25.7 224 
3      37.0 262 
5     59.8 316 

10     113.2 398 
15     159.5 449 
20     194 486 
24     220 509 



TABLE VI   (continued) n 

J.  DATA FOR POLYURETHANE 
BINDER 

Net AT L (b) 
Time IRDO (a) (cilc.) 
(msec) (mv) (°C) 

Run No 69-22-1 

0 0 0 
2 26.3 235 
3 35.0 275 
5 68.0 331 

10 138 414 
15 184 466 
20 233 503 

Run No 69-22-2 
(Tested in Air) 

0 0 0 
1 17.0 184 
2 26.0 244 
3 40.8 285 
5 76.8 342 

10 177 429 
15 239 482 
20 291 520 
25 315 549 

(a) Net IRDO is the total IR detector output after adjustment for background offfeccp, 

(b) The term AT  is the temperature at the propellent's surface relative to room 
temperature that is calculated assuming the propellant is a semi-infinite body 
undergoing transient heating through a constant heat transfer coefficient from 
a hot gas of temperature, T . It is further assumed that the temperature rise 
is produced only by external heaLing with no contributions from reactions at 
the surface of the propellant (linear heating). 

(c) The term AT is the propellant surface temperature relative to room temperature 
determined experimentally by comparing the Net IRDO with the generalized graph 
of Net IRDO versus AT L, extrapolated for temperatures above about <*00°C. 

(d) Surface was roughened over a small area near the center of the sample by sanding 
with silicon carbide paper (320-A grit size). Loose material on the surface was 
brushed off. 
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IGNITION DATA ON PROPELLANTS 

A. IGNITION TIME AND HEAT FLUX 

Run No. 

AT L 
si 

no 
T L 
si 
(°K) 

ci 

(msec) 

(*i> 
2/2 

(msec) 1/2 
Fs (•) 

cal/(cm2)(eec) 

Sample 

Surface 

61-11-5 
62-3-6 
62-3-7 
62-3-8 
62-3-9 
62-3-10 

69-3-4 
611-6-21 
611-6-22 
611-6-24 

1. Data Obtained with RCA 1P40 Photocell 
Propellant UA-14. Flow-Control Orifice: No. 5A(b) 

61-11-4 403 698 12.5 3.54 
62-2-iO 407 703 25.3 5.04 
62-2-11 394 690 15.5 3.94 
62-2-12 382 678 11.7 3.42 
62-2-13 402 699 24.1 4.91 

64.8 
46.0 
56.8 
63.5 
46.6 

Smooth 
Smooth 
Smooth 
Smooti 
Smooch 

Propellant UA-14, Flow-Control Orifice; No. 4A(c) 

62-3-11 414 710 9.3 3.05 
62-4-1 408 700 19.5 4.41 
62-4-2 396 688 12.7 3.56 
62-4-3 399 692 8.6 2.93 
62-4-5 394 688 13,2 3.64 

77.0 
52.6 
63.2 
77.3 
61.8 

Smooth 
Smooth 
Smooth 
Smooth 
Smooth 

432 
457 
439 
453 
411 
433 

459 
428 
407 
203 

Propellant UA-14. Flow-Control Orifice; No. 3A(d) 

728 
752 
734 
749 
707 
729 

6.3 
5.9 
7.9 

14.6 
12.0 
24.0 

2.51 
2.43 
2.81 
3.82 
3.46 
4.90 

97.9 
106.9 
88.7 
67.4 
67.5 
50.2 

Smooth 
Smooth 
Smooth 
Smooth 
Smooth 
Smooth 

2'     Data Obtained with Philco (;PC-201A IR Detector (d) 
Propellant U/-18 

752    10.1     3.1Ö 82.1      Smooth 
728    15.5     3.94 61.9      Smooth 
706    17.5     4.19 55.1« Polymer-Rich 
503     3.6     1.90 49.1      Rough 



TABLE VII (continued) 

A.  IGNITION TIME AND HEAT FLUX (continued) 
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AT.L 

si si Ci 
(tt)l/2 Fs (a) Sample 

Run No. (°K) <°K) (msec) (msec)1/2 cal/(cm2)(sec) Surface 

Propellant AR-1 

69-21-16 427 729 29.0 5.39 44.9 Smooth 
69-22-6 459 760 25.9 5.09 51.0 Smooth 
69-22-8 465 767 28.8 5.36 49.1 

(Test Gas 
Smooth 
Air) 

611-6-11 412 711 14.0 3.72 62.3 Smooth 
611-6-12 426 726 15.2 3.90 61.9 Smooth 
611-6-13 455 754 14.8 3.84 70.0 Smooth 
611-6-14 386 685 22.8 4.78 45.7 Smooth 
611-6-19 409 709 13.0 3.60 64.3 Smooth 
611-6-25 392 692 19.5 4.41 50.3 Rough 

611-7-7 275 573 12.6 3.55 43.9 Rough 
611-8-2 309 604 14.2 3.77 46.4 Rough 

Propellant AQ-1 

611-6-7 437 736 12.0 3.46 69.6 Smooth 
611-6-9 449 749 15.9 3.99 62.2 Smooth 

Propellant FM-86 

69-3-2 360 652 20.9 4.57 46.7 Rough 
69-3-5 329 622 11.2 3.34 58.3 Ro;igh 

Double-Base Propellant JPN 

69-21-9 289 590 9.1 3.02 47.5 Smooth 
69-21-10 338 640 13.6 3.68 45.5 Smooth 
69-21-12 317 618 6.1 2.47 63.7 Smooth 

»ressed Propellant PP -CBM-1 

68-15-3 377 682 35.2 5.94 44.1 Smooth 
68-18-9 386 689 18.2 4.26 62.9 Smooth 
68-18-10 376 679 16.5 4.06 64.3 Smooth 

65-2-13 320 615 15.8 3.98 56.0 Smooth 
69-2-14 361 655 22.7 4.76 52.6 Smooth 
69-3-1 425 718 29.2 5.40 54.7 Smooth 

610-25-1^ » 360 663 17.6 4.20 59.7 Smooth 
610-25-1 1    427 730 19.1 4.37 67.9 Smooth 

Pressed ] »ropellant PP-E-1 

610-25-7 360 663 16.1 4.01 66.5 Smooth 

Pressed 1 »ropellant PP-F-1 
611-7-5 450 748 21.5 4.64 66.3 Smooth 
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B. SHOCK-TUBE AND HEAT-TRANSFER DATA 
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Run No. 
*E To 

(°K) 

T 
g 

(°K) 

Pi»' 

(atm) 

G 
8 cal 

(cm* Msec) (cm*)(eec)(°K) 

Propellant UA 

61-11-4 3.43 295 1751 20.6 22.3 0.0567 
62-2-10 3.04 296 1428 20.1 24.2 0.0579 
62-2-11 3.26 297 1593 20.6 23.5 0.0584 
62-2-12 3.41 297 1729 20.1 21.9 0.0566 
62-2-13 3.04 297 1434 20.2 24.3 0.0580 

62-3-11 3.42 296 1735 19.5 27.4 0.0702 
62-4-1 2.99 291 1388 18.6 29.4 0.0694 
62-4-2 3.20 292 1513 19.3 29.1 0.070/ 
62-4-3 3.42 293 1698 19.9 28.4 0.071- 
62-4-5 3.06 294 1443 20.6 32.0 0.0751 

61-11-5 3.45 296 1764 19.9 42.2 0.C878 
62-3-6 3.49 296 1813 21.4 44.8 0.0935 
62-3-7 3.23 296 1594 21.1 «•7.3 0.0947 
62-3-8 3.03 296 1427 19.4 46.0 0.0893 
62-3-9 2.84 296 1318 21.4 52.9 0.0993 
62-3-10 2.60 296 1072 21.2 56.4 0.1015 

69-3-4 3.41 293 1698 17.8 38.7 0.0799 
611-6-21 2.99 300 1421 17.4 41.5 0.0809 
611-6-22 2.89 300 1337 16.8 41.3 0.0791 
611-6-24 2.66 300 1215 16.9 43.8 0.08x2 

Propellant AR 

69-21-16 2.56 301 1146 19.4 51.6 0.0931 
69-22-6 2.74 301 1258 19.0 48.2 0.0897 
69-22-8 2.74 301 1253 18.6 47.2 0.0880 

611-6-11 3.01 300 1426 17.1 40.6 0.0793 
611-6-12 2.99 300 1424 17.3 41.1 0.0802 
611-6-13 3.09 300 1498 17.8 41.1 0.0815 
611-6-14 2.58 30C 1168 17.4 45.9 0.0839 
611-6-19 2.97 300 1416 17.8 42.5 0.0827 
611-6-25 2.69 300 1231 17.5 44.9 0.0834 

611-7-7 2.42 298 1042 17.3 48.4 0.0851 
611-8-2 2.48 295 1076 18.2 50.0 0.0887 

Propellant AQ 

611-6-7 3.04 299 1465 18.8 44.2 0.0866 
611-6-9 3.01 300 1427 17.8 42.3 0.0826 

P ropellant FM 

69-3-2 2.52 293 1101 19.0 51.8 0.0923 
69-3-5 2.74 293 1232 18.4 47.1 0.0873 
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Run No. 
"E To 

(°K) 

T 
g 

(°K) 
P.* 

(atm) 

G 
cfa 

(cm*)(sec) (cm')(8ec)(°K) 

Pressed Propellant PP-CBM 

68-15-3 
68-18-9 
68-18-10 

2.48 
2.77 
2.70 

305 
303 
303 

1091 
1292 
1273 

19.5 
20.1 
20.9 

53.2 
50.2 
52.7 

0.0943 
0.0940 
0.0979 

69-2-13 
69-2-14 
69-3-1 

2.69 
2.68 
2.77 

294 
295 
293 

1197 
1185 
1248 

18.4 
18.6 
19.3 

47.8 
48.8 
49.2 

0.0878 
0.0892 
0.0913 

610-25-14 
610-25-17 

2.74 
3.03 

303 
302 

1246 
1469 

19.6 
18.2 

50.0 
42.5 

0.0926 
0.0836 

Pressed Propellant PP-E 

610-25-7 2.98 302 1414 18.2 43.4 0.0842 

Pressed Propellant PP-F 

611-7-5 3.01 298 1444 18.6 44.0 0.0859 

Double-Base Propellant JPN 

69-21-9 
69-21-10 
69-21-12 

2.45 
2.50 
2.75 

301 
301 
302 

1059 
1103 
1266 

18.8 
18.0 
19.1 

52.1 
49.0 
48.3 

0.0918 
0.0876 
0.0902 

Notes: 

(a) F is the mean externally applied surface heat flux. This is the 
value of constant heat flux required to bring the propellant surface 
to the temperature AT .*• in the observed ignition time. 

Si 

_E JL. 
2  ItJ AT 

si 

A   A 
(b) Flow-control orifice No. 5A gave an area ratio ( or/ ts) relative to 

the test-section area of 0.115, and « Mach number (M )  of 0.07 for 
gas flowing through the test section. 

(c) Flow-control orifice No. 4A gave an area ratio of 0.149 and a M  of 
0.09. 

ts 

(d) Flow-control orifice No. 3A was used for all runs with the IR detector 
This orifice gave an area ratio of 0.227 and a M_ of 0.13. 

" ts 



TABLE VIII 

CALCULATED TEMPERATURE HISTORIES FOR THERMAL IGNITION 

A.  TEMPERATURE-TIME DATA ^_^_ 
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Run No. 611-6-11 
(Propellant AR) 

Time 

(msec) 

AT 
8 

(°K) 
s 
K) 

0 
0.20 
0.79 
1.99 
3.97 
5.96 
7.94 
9.93 

11.92 
12.71 
13.11 
13.51 
13.90 
14.10 
14.30 
14.50 
14.70 
14.74 

0 
67.9 

128.4 
191-8 
260.0 
300. 7 
336.2 
367.2 
397.9 
411.9 
419.9 
429.0 
440.5 
447.8 
457.5 
472.1 
511.1 
544.9 

Run No.   611-6-J3 
(Propellant AR) 

0 
0.14 
0.82 
1.84 
5.25 
6.96 
8.6? 

10.37 
10.88 
11.23 
11,57 
11.74 
11.91 
12.05 
12.08 

0 
61.4 

.140.8 
201.2 
309.9 
346.2 
378.9 
413.5 
426.5 
437.2 
451.5 
461.7 
477.9 
509.3 
533.7 

299.5 
367.4 
427.9 
491.3 
555.5 
600.2 
635.7 
666.7 
697.4 
711.4 
719.4 
728.5 
740.0 
747.4 
757.0 
771.6 
810.6 
844.4 

299.5 
360.9 
440.3 
500.7 
609.4 
645. 7 
678.4 
713.0 
726.0 
736.7 
751.0 
761.2 
777.4 
808.8 
833.3 

Run No.   66-11-6-14 
(Propellant AR) 

lime 

(msec) 

AT 
s 

(°K) 

T 
s 

(°K) 

0 
0.30 
1.49 
2.98 
5.97 
8.95 

11.94 
14.92 
17.91 
20.89 
22.38 
23.88 
24.47 
25.07 
25.67 
26.56 
26.86 
27.15 
27.45 
27,52 

0 
67.3 

137.4 
184.2 
242.3 
281.7 
3i2.2 
31)7.6 
360.1 
382.1 
393.6 
406.5 
412.5 
419.3 
<27.2 
444.1 
453.1 
467.5 
515.7 
623.3 

Run No.   66-11-6--21 

299.5 
366.8 
436.9 
483.7 
541.8 
581.2 
611.7 
637.1 
659.6 
681.6 
693.1 
706.0 
712.0 
718.8 
726.7 
743.6 
752.6 
767.0 
815.2 
922.8 

(Propellant UA) 

0 0 299.7 
0.20 68.2 367.9 
0.98 U3.0 442,7 
1.97 193.7 493.4 
3.93 258,5 558.2 
5.90 333.6 603.3 
7.87 339.4 639.1 
9.83 370.8 670.5 

10.82 386.2 685.9 
11.80 402.6 702.3 
12.59 417.7 717.4 
12.98 426.7 726.4 
13.37 437.7 737.4 
13,77 '»53.1 752.8 
13.96 465.1 764.8 
14.16 488.0 787.7 
14.24 511.4 811.1 
14.28 546.4 846.1 



TABLE VIII (continued) 
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B.  DATA USED FOR CALCUIATIONS 

Run No. 611-6-11 611-6-13 611-6-14 611-6-21 
Propellant Code AR AR AR UA 

r , cal/(cm2)(sec)l/2 (°K) 0.0203 0.0203 0.0203 0.0203 

Ifi1 1426 1493 1168 1421 

To, °K 299.5 299.5 299.5 299.7 

Ea/P, -E 15,500 15,500 15,500 15,500 

B, cal/(c3i2)(sec) 2.35 x 1010 2.35 x IO1^ 2.35 x 1010 2.35 x 1010 

h, cal/(cai2)(sec)(°K) 0.0793 0.0816 0.0839 0.0809 
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PROPELLANT SAMPLE  HOLDER 

NTROLt        ty FLOW-CONTROL, 
ORFICE   PLATE \^/ 

W) PROPELLANT 
SAMPLE 

QUARTZ  WINDOW/ 

y 
FIGURE 2.  Sketch of Test Section. 
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"'Plexiglas backing for 
IR window 

Sharp-edged orifice j ^ 
(0.10m. by 0.48m.)" 

IR window 

Flow-control 
orifice 

Flow channel 
(0.500in. by 0.250in. 
in cross section)* 

Sample position 

FIGURE 3. Shock-tube Test Section as Modified for Measuring Surface Temperatures 
on Propellants During Ignition. 
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a. Inverted Trace: IR Detector Output, 40 
mv/(div.). Normal Trace: Heat-flux Gage 
Temperature, 50°C/(div.). Sweep Rate: 5 msec/ 
(div.) (Left to Right). 

b. Inverted Trace: IR Detector Output: 
40 mv/(dlv.). Normal Trace: Pressure in 
Shock-tube Driven Section, 50 psig/(div.) 
Sweep Rate: 5 msec/(div.) (Right to Left). 

FIGURE 6.  Oscillographs of Shock-tube Runs for Calibration 
of IR Detector with Carbon-coated Heat-flux C-age as the Infra- 
red Source. Run No. 66-10-8-1/. Shock Mach No.: 2.95.- Convec- 
tive Gac Temperature: 1410°K.     •  . 
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a. Run No. 610-8-5. Shock Mach 
No.: 2.52, Gas Temperature: 
1115°K. 

b. Run No.  610-8-8, Shock Mach 
No.: 3.09, Gas '.Temperature: 
1345°K. 

FIGURE 8.    Oscillographe of Shock-tube Runs Icr Measurement of 
Background Radiation (IR Source: Polished Brass Surface). 
Inverted Trace:  IR Detector Output 5 mv/(vert. div.). Normal 
Trace: Pressure in Driven Section, 50 psig/(vert. div.). Sweep 
Rate:  (Right to Left), 5 msec/(div.) 
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a.  IR Detector Output, 40 mv/(div.). 
Rate (Right to Left), 2 irsec/(div.). 

Sweep 

b.  Inverted Trace:  IR Detector Output, 200 
n.v/(div.). Normal Trace:  Pressure in Shock 
Tube, 50 psig/(div.).  Sweep Rate (Right to 
Left) 5 msec/(div.). 

FIGURE 10.    Oscillographs for Surface Temperature Measure- 
ments on Propellent UA with IR Detector.  Run No. 611-6-21. 
Shock Mach Number:  3.0. Convectfve Gas Temper-ture: 1420°K. 
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HGURt   M      Temperature History for Smooth-surfaced Sample of  Propellant 
UA.     Run No.  611-6-21.) 
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mmm 
111 mm 
•BB 

HB 

BB 
BB 
BB 

BB 
BB 
BB 
BS 
BB 

BBB 
BBi 
mmm mm 
BBB 

a.  IR Detector Output, 100 tnv/(div.) Sweep 
Rate: (Right to Left) 2 msec/(div.) 

b.  Inverted Trace:  IR Detector Output, 
200 mv/(div.).  Normal Trace:  Pressure 
in Shock Tube, 50 psig/(div.) Sweep Rate: 
(Right to Left), 5 msec/(div.) 

FIGURE 75.  Oscillograph of IR Detector Output for Surface 
Temperature Measurements on a Smooth-surfaced Sample of 
Propellant AR.  Run No. 611-6-13.  Shock Mach No.: 3.1. 
Convective Gas Temperature: 1490°K. 
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a. IR Detector Output: 50 mv/(div.), Sweep 
Rate:  (Right to Left), 2 msec/(div.). 

b.  Inverted Trace:  IR Detector Output, 200 
mv/(div.), Normal Trace: Pressure in Shock 
Tube, 50 psig/(div.), Sweep Rate:  (Right to 
Left), 5 msec/(div.). 

FIGURE 16.    Oscillographs of IR Detector Output for Surface 
Temperature Mea_arements on a Sample of Propellant AR with 
a Rough Surface. Run No. 611-6-25, Shock Mach Number: 2.7, 
Convective Gas Temperature:  1230°K. 
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FIGURE 17,    Temperature History for Ignition of a Sample of Propellant AR 
with a Rough Surface,  Run No! 611-6-25. 
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a.  Run No. 610-25-7 on Pressed 
Propellant PP-E. Normal Trace: 
IR Detector Output, 50 mv/(div.), 
Sweep Rate:  (Left to Right), 5 
msec/(div.). 

b.  Run No. 611-7-5 on Pressed 
Propellant PP-F. Normal Trace: 
IR Detector output, 50 mv/(div.), 
Sweep Rate:  (Left to Right), 5 
msec/(div.). 

FIGURE 22. Oscillographs of Infrared-Detector Output for 
Pressed Propellants PP-E and PP-F for Runs in Which Ignition 
of Samples Occurred. 
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FIGURE 24.    Oscillograph of Infrared-Detector Output for 
Run No. 69-21-12 on JPN Double-base Propellant. Normal 
Trace: IR Detector Output, 50 mv/(div.), Sweep Rate: 
(Left to Right), 5 msec/(div.)f Inverted Trace: Pressure 
in Shock-tube Driven Section, 50 psig/(div.), Test Gas: 
Nitrogen, Test-gas Temperature: 1265°K, Mean Heat Flux: 
50 cal/(cm2)(sec). 
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FIGURE 29.  Ignition Data for Propellants AR and AQ as Measured with the GPC-201A 
IR Detector. 
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FIGURE 30.     Calculated and Measured Surface-temperature Histories for Propelli 
UA. Run No. 611-6-21. 
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FIGURE 31,    Calculated and Measured Surface-temperature Histories for Propellant 
AR. Run No. 611-6-11. 
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FIGURE 32.  Calculated and Measured Surface-Temperature Histories for 
Propellant: AR. Run Ke, £11-6-13. 
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a. Data for Uncoated Heat-flux Gage. Sweep 
Rate:  (Left to Right), 50 msec/(div.). 
Temperature: 1.5°C/(dlv.). 

b. Data for Carbon-coated Heat-flux Gage. 
Sweep Rate: (Left to Right), 50 msec/(div.), 
Temperature:  1.5°C/(div.). 

FIGURE 37. Oscillographs of Temperature-time Data ror Heat- 
flux Gages Initially at Room Temperature, Which Were Rapidly 
Immersed in a Bath of Carbon Tetrachloride at 0°C. 



Symbol 

APPENDIX F 

NOMENCLATURE 

Definition 
Typical 
Units 

h 

IRDO 

k 

"E 

pre-exponenttal factor (see Equation 3) 
Product of the frequency factor, z,  and 
energy supplied at the propellant surface 
per unit area, Q , by the key ignition 
reaction. 

specific heat 

activation energy for key ignition reaction 

externally applied heat flux to propellant 
surface 

mean externally applied heat flux to pro- 
pellant surface 

total heat flux to propellant surface 

mass flow rate of test gas through flow 
channel of test section 

convective heat-transfer coefficient 

infrared-detector output 

thermal conductivity 

Mach number of incident shock wave at 
entrance to test section 

pressure immediately behind reflected 
shock wave 

maximum pressure rise behind reflected 
shock wave 

gas constant   ;h value of 1.987 

time 

ignition time 

temperature 

initial uniform temperature of solid 

cal/(cm*) (sec) 

cal/(g)(°K) 

cal/mole 

cal/(cm2)(sec) 

cal/(cm2)(sec) 

cal/(cm2)(sec) 

g/(cm2)(sec) 

cal/(cm2)(sec)(°K) 

millivolts 

cal/(cm )(sec)(°K) 

dimenaionless 

atm 

atm 

cal/(mole)(°K) 

sec, msec 

sec, msec 

°K 

°K 
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(continued) 
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Symbol 

Tu' 

AT 
ps 

AT 

si 

si 

AT 
si 

Definition 

gas temperature immediately behind reflected 
shock wave 

maximum gas temperature behind reflected 
shock wave 

temperature rise at surface of Pyrex heat- 
flux gage during convective heating 

surface temperature 

temperature rise at surface during transient 
convective heating 

temperature at propellant surface at ignition 

ignition temperature calculated assuming 
linear heating of surface 

ignition temperature relative to T 

distance into the solid, measured from its 
surface 

th.'rmal diffusivity 

thermal responsivity (square root of the 
product of k, ps c) 

thermal ^esponsivity of the propellant 

numerical constant (3.14159. . .) 

density 

Typical 
Units 

(cm2)/(sec) 

cal/(cm2)(sec):/2(°K) 

cal/(cm2)(sec)1/2 °C 

dimensionless 

g/(cm3) 
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